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Abstract  
Advanced water purification methods are required to answer the growing demand for clean 
water throughout the world. Current methods of removing the pollutants rely on moving the 
pollutants from one place to another rather than breaking them down. The use of advanced 
oxidative processes (AOPs) presents a highly effective opportunity to achieve the full 
mineralisation of pollutants without the added cost of regeneration methods. Photocatalysts, 
such as titanium dioxide and zinc oxide, can be used as AOPs when activated by 
electromagnetic radiation in the form of ultraviolet and visible light.  
To facilitate the activation with visible light, titanium dioxide doped with rare earth elements 
was produced via a sol gel method. Both single doped and co-doped systems were investigated 
with efficiency determined by the percentage of degraded methylene blue over 48 hours under 
ultraviolet filtered visible light. The incorporation of rare earth ions restricted the growth of the 
more active anatase phase and the method produced highly agglomerated, sintered nano 
particles which exhibited as micron sized particles. The highest methylene blue removal rate 
achieved in 48 hours for a single doped system was 70% for the 1 mol% yttrium doped titanium 
dioxide. This was improved further on inclusion of 1 mol% praseodymium which showed an 
86% removal of methylene blue over the same time period.  
The coating of known up-converting phosphors with the successfully developed doped 
titanium dioxide was investigated. Yttrium silicate doped with praseodymium and lithium, was 
found to be the most successful known phosphor when used with the commercially available 
P25 titanium dioxide. When coated with the doped titanium dioxide shell at a 2:1 ratio of 
phosphor to titanium dioxide, a methylene blue degradation of 94% was reached. Initial tests 
on the coating of titanium dioxide with the known up-converting phosphor showed that 
methylene blue was absorbed rather than broken down so was not developed further. 
An investigation into the incorporation of zinc oxide, both pure and doped with the same 
successful titanium dioxide system was carried out. Zinc oxide shells were coated onto doped 
titanium dioxide, the known up-converting phosphor and the doped titanium dioxide coated 
known phosphor. The crystalline form of zinc oxide was inhibited by the incorporation of rare 
earth ions, as with the titanium dioxide system, and from the thickness of the zinc oxide shell. 
The highest degradation  achieved was a 91% removal rate for the ZnO-PrY:TiO2-PrY:Y2SiO5-
Pr,Li core shell shell structure indicating there was no further improvement on incorporation 
of zinc oxide, either doped or un-doped.  
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1. Introduction  
1.1 Water Pollution Problem  
The demand for clean water in developing countries, for both drinking and farming, is on the 
rise. A rapid expansion in industrial activities such as the dying of textiles and pharmaceutical 
production, combined with poor infrastructure has led to heavily polluted water systems with 
both organic and inorganic materials1–3. As such, the demand for an efficient water purification 
method that degrades pollutants has intensified.  
This is not just an issue in the developing world. Studies in countries such as the United 
Kingdom and United States have shown that pharmaceuticals are immune to current 
mineralisation processes and remaining in our water supply4,5. Legal frameworks regulating 
pharmaceuticals and their metabolites are only beginning to emerge. Not only does this impact 
human life through the disruption of the endocrine system, the set of glands responsible for the 
production and regulation of hormones, but there are wider implications on nature, aquatic 
organisms, wildlife and farming6,7.  
Current methods to remove these pollutants, such as adsorption onto activated carbon and 
reverse osmosis, are non-destructive8–10. The cost of these methods are therefore increased due 
to the regeneration of materials and required post-treatments. Both chlorination and ozonation 
have been investigated as suitable destructive methods on pharmaceuticals and herbicides, but 
have high operating costs11,12.  
Advanced Oxidation Processes (AOP), such as heterogeneous catalysis with titanium dioxide, 
TiO2, provide a clean, low cost water treatment technology alternative13,14. Through the 
production of hydroxyl radicals (OH●), degradation of pollutants occurs without the need of 
additional chemicals. One of the key benefits of using this system is the potential to bring about 
the complete mineralisation of both organic and inorganic pollutants, to produce carbon 
dioxide, water and mineral acids.  
This thesis focuses on the development of metal oxide based photocatalysts to be used in the 
complete mineralisation of a variety of pollutants. Efficiency will be improved by utilising the 
properties of AOPs and combining with known up-converting phosphor materials. Due to the 
difficulty in the recovery of nanomaterials from solutions, the immobilisation of the developed 
catalyst is important. The efficiency of produced materials are evaluated against the 
degradation of methylene blue under visible light.  
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1.2 Titanium Dioxide  
Titanium dioxide (titania, TiO2) is a relatively inexpensive material to produce, is non-toxic 
and chemically stable. When Fujishima and Honda reported in 1972 the successful splitting of 
water into H2 and O2 through the use of a titanium dioxide electrode, a platinum counter 
electrode and ultraviolet light, titania captivated the attention of researchers15. In 1977 when 
Frank and Bard observed the breakdown of the cyanide ion with oxygen for waste water 
remediation excitement surrounding the material increased16. Additional applications of titania 
have included use in solar cells, purification of air and self-cleaning surfaces and coatings17–19.   
Three different crystal structures, or polymorphs, of titania can be found at room temperature 
and pressure. These are the thermodynamically stable and most abundant tetragonal rutile 
phase, the metastable tetragonal anatase and the orthorhombic brookite phases. For all three 
polymorphs, titanium Ti4+ ions are coordinated to six oxygen atoms, forming TiO6 
octahedra20,21. In the rutile phase, these octahedra share corners forming a tetragonal structure.  
In the anatase phase, the octahedra share edges. The brookite phase differs in that both edges 
and corners are shared to form an orthorhombic structure. Illustrations of the unit cells of these 
polymorphs can be seen in Figure 1-1.  
 
Figure 1-1 Crystalline structures of titanium dioxide (a) anatase, (b) rutile, (c) brookite (reproduced from reference 22) 
Titanium dioxide is a known wide band gap semiconductor. From quantum mechanics, distinct 
electronic bands form, each holding a certain number of electrons. In the presence of sufficient 
(a)                                          (b)          (c) 
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energy electrons can move between bands, overcoming the band gap. In conductors such as 
metals, these bands are close together and can even overlap. However, in insulators the energy 
between the band gaps is so large that it will require a large amount of energy that is not 
appropriate or available.  This is evident in materials such as plastics. In contrast, 
semiconductors have small band gap.  As a result, on application of energy such as heat, 
electrons can be excited to a conduction band. The non-excited form acts as an insulator. The 
difference in energy between the valence and conduction bands is known as the band gap. A 
band gap can be direct or indirect. This is determined by the relative position of the conduction 
band minima and the maxima of the valence band. Figure 1-2 demonstrates the difference 
between an indirect and direct band gap.  
 
 
 
 
 
 
 
 
 
The band gap energy of the anatase phase is 3.20 eV22. This corresponds to a maximum 
wavelength absorption that is in in the ultraviolet (UV) region of the electromagnetic spectrum. 
Rutile, with a lower band gap of 3.02 eV, has a maximum which lies in the visible region23.  
Figure 1-33 illustrates the processes that occur when titania is exposed to light with an energy 
that satisfies the band gap.  
E
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Figure 1-2 Visualisation of a direct vs indirect band gap 
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Figure 1-3 Schematic diagram of photogenerated electron and hole pair in TiO2 on absorption of UV light by the promotion 
of an electron from the valence band (VB) to the conduction band (CB) (Reproduced from reference 24) 
 
When excitation has occurred, electron (e-) - hole (h+) pairs form in the material as a result of 
electron promotion from the valence band (VB) to the conduction band (CB) 25-26. Three 
different path ways can occur. Firstly, recombination of the pair can occur at either the surface 
or in the bulk. This process limits the photocatalytic ability of the material and can have a 
dramatic effect on the efficiency of the catalyst. If recombination does not occur, the charge 
carriers can react at the surface with electron and hole acceptors. The initiation of redox 
reactions through the reduction of e- acceptors and oxidation of e- donors are key in the 
degradation of large organic materials, such as dyes and bacteria. Hydroxyl radicals are formed 
on the surface through the reaction between the produced hole and surface water27. Molecular 
oxygen can react with generated electrons to form the superoxide ion, O2-. The mechanism can 
be described by Equations 1-1, 1-2 and 1-3.  
 
                 𝑇𝑖𝑂2 + ℎ𝑣 (𝜆 > 390 𝑛𝑚) →  𝑒− + ℎ+                        (1-1)
                    𝑒− +  𝑂2 →  𝑂2−               (1-2) 
    ℎ+ + 𝐻2𝑂 → 𝑂𝐻• +  𝐻+              (1-3)
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Water present on the surface of titania plays an important role in the production of the hydroxyl 
radical; key to the degradation route of organic molecules. Water also has a significant role in 
providing hydrogen bonded networks to stabilise intermediates and reactants26. Oxygen aids 
charge separation by scavenging for the formed electrons, creating a superoxide ion. This ion 
is involved in further reactions leading to the breakdown of pollutants as well as forming other 
reactive species such as hydrogen peroxide. The degradation of phenol in water over titania 
nanoparticles is shown in Figure 1-428. The degradation of phenol is dictated by the presence 
of hydroxyl radicals despite the production of hydrogen radicals. These hydrogen radicals are 
scavenged by molecular oxygen, creating HO2● which further reacts to form hydroxyl radicals.  
 
Figure 1-4 Phenol degradation route over titanium dioxide (28) 
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1.2.1 Synthesis of titanium dioxide 
Several methods of producing nano-titania have been reported in the literature. These include 
the sol-gel method, solvo- or hydrothermal methods, chemical vapour deposition and the 
adonisation of pure titanium.  
The sol gel method is one of the most common production methods allowing the growth of 
crystals with a narrow particle size distribution  at a high purity29. The sol, which contains the 
solid nanoparticles in a liquid, continues to grow to form a gel system. The liquid is then 
removed through evaporation, typically followed by thermal treatment to ensure the correct 
phase is achieved. Metal alkoxides and metal chlorides are common precursors due to relative 
ease of hydrolysis, before polycondensation then takes place to form a colloidal mix. 
Venkatachalam et al. reported the sol-gel synthesis of titania with the use of a titanium 
isopropoxide precursor30. The sol-gel process was coupled with ultrasonic treatment to further 
narrow the particle size distribution. More recently, electrospun nanofibers have been produced 
using sol-gel solutions31. Thin and long fibres have been successfully produced but in the 
amorphous phase. As a photocatalyst, this may not have the desired efficiencies and therefore 
may be more effective at adsorbing pollutants rather than degrading them.  
The second most used method in the production of titania is through solvo- or hydrothermal 
synthesis. Crystals in the nanoscale with interesting morphologies can be achieved through the 
alteration of reaction conditions such as time, temperature and pH32. These methods are also 
particularly good at allowing fine tuning of the produced phase without the need for high 
temperature calcinations. Removing this stage of the synthesis procedure means that the 
sintering of nanoparticles does not occur. This is critical for potential application of these 
particles and can give further insights into the mechanisms of pollutant removal. For example, 
nanopowders cannot be directly put into the water system, therefore a type of immobilisation 
system will be required. As nanoparticles, the dispersion of the photocatalyst will be even and 
smoother than the irregular sintered micron scale particles.  
Hydrothermal reactions can utilise a precursor such as titanium chloride, or commercially 
available P25 titania in order to produce interesting morphologies. For example, the 
modification of P25 with sodium ions has led to different shaped particles on increasing sodium 
content, from spherical nanoparticles at 1.7% to nanorods at 7%33. Anatase cerium doped 
titania was successfully produced as nanocubes34. This reaction utilised a hydrothermal 
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synthesis with tetrabutyl titanate in a highly acidic solution containing hydrofluoric acid and 
nitric acid.  
The direct oxidation of titanium foils and sheets can produce highly ordered titania nanotubes. 
This was demonstrated by Kuang et al. where titanium foils were connected to a two electrode 
cell containing a platinum counter electrode35. Adonisation was carried out at 35 V at room 
temperature. The produced titania are highly ordered nanotubes, as seen in Figure 1-5 but are 
a fixed array rather than individual nanoparticles that can later be used as a catalyst.  
 
Figure 1-5 SEM images of TiO2 nanotubes made with (A) 4 hours anodisation, 7 μm in length and the enlarged image (B) 
showing 70 nm pore size and 8 nm in tube wall (35) 
 
1.2.2 Improvement in photocatalytic behaviour 
With the rutile phase having the lower band gap, this suggests it should be most active due to 
a lower incident energy required to excite the electrons to overcome the band gap. Despite this, 
the rutile phase is the less efficient phase due to ease of recombination of the charge carriers. 
The anatase phase is the most efficient phase, which can be activated by ultraviolet light. The 
cost and energy efficiency of this phase can be improved by narrowing the band gap so that 
visible light from the sun can be used rather than expensive UV lamps. Visible light accounts 
for approximately 43% of solar radiation, whereas UV equates to approximately 4% 36. This is 
particularly important as many countries in the developing world receive higher than average 
levels of solar radiation. 
One way to narrow the band gap would be to modify the size of the particle but a more effective 
way of improving the photocatalytic behaviour is through doping of the TiO2 lattice. Doping 
can be carried out with non-metals such as nitrogen, boron and carbon and metals such as iron 
and the lanthanides. This means the band gap can be lowered, allowing the catalyst to be 
A B 
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activated through the absorption of visible light. Nitrogen doped titania has received a large 
amount of attention over recent years because of the relative ease at which it can be 
incorporated into the lattice and the low relative costs of the materials required37. In these 
samples the dopant can occupy an O2- site in the lattice as a N3- ion, impacting on the electron 
and hole concentrations. The 2p orbital of the nitrogen ion is responsible for the shift to the 
visible region. This orbital sits above the valance band and has a greater oxidation potential 
than the titanium 3d orbital. There is little disruption in the lattice structure due to the 
comparative ionic radii of the O2- and N3- which are 1.4 and 1.46 Å respectively38.  
It is important to note at this stage the difficulty in comparing catalytic data, due to the large 
variation amongst testing methods and a lack of standardisation within the field. The model 
pollutant is the most typical variant; however, the concentration, volume and catalyst loading 
vary across papers and research groups. The light source and its distance from the sample also 
vary considerably across different reports. In some cases, not all of the experimental details are 
reported, meaning that replica analysis cannot be performed. An example in the variation of 
methylene blue (MB) testing has been summarised in Table 1-1. Dark time refers to the time 
the solution with catalyst is kept in the dark before turning on the light source to allow for 
absorption equilibrium to be reached. A further important note is that few papers analyse the 
recovered catalyst to ensure that there is no change in the material, but more importantly, to 
ensure that the model pollutant has not simply absorbed onto the surface of the catalyst.  
Higher concentrations of photocatalysts present in the system proportionately increases the 
photodegradation of pollutants, leading to short reaction times28. However, excess loading can 
lead to reduced light penetration and be detrimental to the catalyst effectiveness. Very few 
studies report the pH of the reaction, which can affect the photocatalytic reactions as well as 
the adsorption onto the titania surface39.  
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Table 1-1 Variation in catalysis testing methods 
Dopant & 
concentration 
MB 
concentration 
& volume 
Catalyst 
loading 
Light 
source 
Dark 
time 
Degradation 
(%) and 
reaction time 
Ref. 
Fluorine 
2 g L-1 
10 mg l-1 
80 ml 
2 g l-1 
400 W 
halogen 
with filter 
30 
mins 
91 % 
240 mins 
40 
Nitrogen 
30 ppm 
200 ml 
0.18 g 
40 W 
tungsten   
30 
mins 
93 %  
20 hours 
41 
Phosphorus 
10 mg l-1 
50 ml  
25 mg 
150 W 
halogen 
tungsten 
with filter 
20 
mins 
100 %  
100 minutes 
42 
Silver 
0.7 % 
3 mg l-1 
30 ml 
unknown 300 W 
5 min 
pre 
heat  
78 %  
8 hours 
43 
Nitrogen, 
niobium  
3 mol% 
20 ppm  
50 ml 
0.2 mg 80 W 3 h 
96% 
120 minutes 
44 
Chromium  
3 mol% 
1.6 x 105 mol l-
1 
100 ml 
10 mg l-1 
200 W 
with UV 
filter 
45 
mins 
100 %  
11 hours 
45 
 
Nitrogen doping of titania has long been investigated with varying success. The successful 
hydrothermal synthesis of N-doped nanobelts from commercially available anatase titania was 
achieved by treating the samples with ammonia at high temperatures46. Nitrogen doping was 
shown to be accompanied with the formation of oxygen vacancies in the bulk titania, made 
possible from the reducing atmosphere in the furnace. An X-ray photoelectron spectroscopy 
(XPS) N 1s peak around 399.6 eV for the samples was observed, characteristic of the N3- ion 
in TiN. In the produced samples it is attributed to the presence of Ti-O-N or Ti-N-O. The peak 
could also be obtained from adsorbed NH3 on the surface of the sample. This could be resolved 
with argon etching to see if the peak decreases. Another confirmation would be using infrared 
spectroscopy, which the authors in the referenced work employed.  
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On an XPS spectrum, a peak of around 400 eV can be assigned to interstitial nitrogen, whereas 
a peak of around 396 eV is ascribed to a substituted nitrogen in the lattice47. The position of 
the nitrogen in the sample is dependent on the synthesis conditions and synthetic route. For 
example, Okato et al. demonstrated that nitrogen would substitute onto oxygen sites at low 
concentrations48. As the concentration increases, the excess nitrogen goes into interstitial sites. 
The samples in this work were prepared by laser deposition. However, Wang et al. found the 
opposite to be true for their hydrothermally produced samples. The nitrogen 2p states lie above 
the valence band maximum of the titania49. It is electrons in these states that can be excited to 
the conduction band when exposed to visible light. The produced holes in the nitrogen states 
are localised with low mobility, meaning they have little involvement in the photocatalytic 
degradation processes.  
Other synthetic routes established in the production of N-doped titania have included a 
microemulsion assisted hydrothermal route to produce the more active anatase structure50. Here 
the nitrogen is attributed to the narrowing of the band gap as well as assisting in the charge 
separation, reducing the chances of recombination. The rutile phase of titania has also been 
investigated with nitrogen doping. Diwald et al. reported the interstitial nitrogen with an XPS 
position at 399.6 eV was responsible for the activity of the rutile nitrogen doped titania51. It is 
suggested that it is because of a co-doping effect with hydrogen that leads to an increased 
activity in the visible region. A combination of the anatase and rutile phase as a heterojunction 
photocatalyst has been found to be nine times more active in the visible region than the 
commercially available standard of P25 in the decomposition of methylene blue52.  
Other non-metal dopants, such as carbon, Sulfur and fluorine have also been widely 
investigated. Sulfur doping is more difficult than nitrogen doping due to the larger ionic radius. 
Sol-gel synthesised films were produced with sulfuric acid as an inorganic Sulfur source. 
Substitution S2- ions were identified in the bulk of the titania, with the S6+ and S4+ cations found 
at the surface.  
In addition to band gap reduction, the efficiency of a titania catalyst can be dictated by the 
surface chemistry. The thermodynamically stable {1 0 1} facets dominate in most anatase 
titania structures53,54. Unfortunately it is the {0 0 1} facets that are the more reactive. To 
overcome this Yang et al. developed the hydrofluoric acid assisted hydrolysis of titanium 
tetrafluoride combined with hydrothermal treatment to produce fluorine doped titania55. 
Imaging of the produced particles shows the formation of ‘truncated anatase bipyramids’ where 
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the two flat sides are the {0 0 1} facets. The pure anatase phase was formed, with no starting 
material present.  
 
 
Figure 1- 6: SEM micrograph showing truncated anatase bipyramids of sulfur doped titania with the reactive {0 0 1} facets 
(56) 
 
The same method was developed using titanium sulfide to produce sulfur doped titania. After 
12 hours, a pure anatase phase titania was produced with a calculated band gap of 3.17 eV.  
Figure 1-6 shows the SEM imaging of the samples, demonstrating that the method produces 
the same ‘truncated anatase bipyramids’ where the two flat sides are the {0 0 1} facets, with 
the {1 0 1} facets on the other sides.  XPS studies show the inclusion of fluorine in the samples 
at 5.6 at.%. This is present on the surface as Ti-F species and is thought to stabilise the reactive 
{0 0 1} facets. Whist the XPS peak for sulfur is weak, the sample was calculated to contain 
1.03 at.%. It is important to remember that XPS analysis is limited to surface chemistry and 
therefore may not represent the whole bulk, which is unlikely to contain the surface stabilising 
fluorine. The improved catalytic ability of the sulfur doped system is aided by the local 3p 
states of sulfur between the conduction and valence bands. Degradation of the model pollutant 
Rhodamine B (RhB) reached 50 % over 120 minutes using 50 mg of the titania catalyst in 100 
ml of 2 x 10-5 mol L-1. It is thought that the activity of the produced material is still restricted 
by low surface areas, meaning that there is scope to develop this method to produced nano-
sized particles.  
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Through the significant overlap of the O 2p and C 2p states causing a narrowing of the band 
gap, carbon doping provides an additional non-metal doping alternative57. One method to 
produce such catalysts is the hydrolysis of titanium chloride using dextrose as the carbon 
dopant source58. A sample containing 5 at. wt% of carbon, decolourised  Reactive Red 141 by 
79% in an hour. However, mineralisation of the dye was slower and reached 65 % over five 
hours.  
Metal dopants have also gained a significant amount of interest particularly with the 
introduction of a ferric ion. The ionic radium of Fe3+ (0.645 Å) is close to that of Ti4+ (0.605 
Å)38. The presence of the ion has proven to reduce the electron-hole recombination rate by 
creating shallow charge trapping sites both in the bulk and on the surface, increasing the 
efficiency of the catalyst59. Xin et al. reported that above certain iron concentrations this has a 
detrimental effect on the activity of the doped material. This is as Fe2O3 becomes the 
recombination centres of the generated electrons and holes60.  
Manganese doped titania has been produced using a co-precipitation method from titanium 
oxysulfate and manganese acetate dehydrate precursors61. Below 0.3 wt% doping, pure anatase 
phase material was produced. In the same study, cobalt doped titania, as well as the co-doping 
of the two metals was also investigated. The band gap of the 0.3 wt% samples was calculated 
to be 2.6 eV and 2.7 eV for Mn and Co respectively. The 0.1 wt% co-doped samples were 
found to have a band gap of 2.7 eV. It was shown that these materials were superior to the 
commercially available P25 titania in the bacterial deactivation and removal of aqueous 
samples under simulated solar light. The bacterial investigation used K. pneumoniae and E. 
coli. Investigations also included determining the non-toxic behaviour of the metal dopants to 
the bacteria by exposing the catalysts to the bacteria in the dark for an hour.  
Naturally, the co-doping with nitrogen and metal ions has been investigated by several groups. 
Cong et al. showed that at a 0.5% Fe3+ level in a co-doped sample, the degradation efficiency 
of RhB was improved by 75% under visible light radiation for as little as 4 hours compared 
with the pure titania62. After two hours of exposure, a degradation rate of 80% was achieved. 
Zhou et al. introduced a third dopant into the iron and nitrogen system in the form of sulfur to 
produce the tri-doped Fe-N-S-TiO2 63. The catalyst was produced via a hydrothermal method 
with ammonium ferrous sulfate, Mohrs Salt, and titanium butoxide. The photocatalytic ability 
of these catalysts was tested against three different organic dyes and the reduction of chromium 
(VI) solution. From the XPS data, it was concluded that three different sulfur ions were present 
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in the lattice structure; S2-, S4+ and S6+. It is suggested that there is a presence of SO42- co-
ordinated to Ti4+. The S2- corresponds to Ti-S bonds, implying that some sulfur has been doped 
onto the oxygen site. There is a significant difference in the ionic radii of these two ions, 
causing a large lattice distortion. It was reported that in the presence of both the Cr ion and 
MB, the photocatalytic activity was promoted. This is due to the rapid consumption of holes 
by MB inhibiting the recombination further, leaving more e- available in the reduction of Cr 
(VI). Interestingly, the consumption of h+ by methyl orange (MO) and RhB is slower in the 
presence of Cr(VI) due to competitive relationship between the holes and electrons due to the 
difference in structures, allowing recombination to happen more easily. The catalysts were 
found to be stable after the third cycles.  
Other transition metals for co-doping with nitrogen have been investigated. For example, Cu-
N-TiO2 has been produced by Jasiwal et al. using hydrated copper nitrate as a copper source64. 
A significant narrowing of the band gap was observed to 2 eV and full decolourisation of MB 
after 250 minutes. 
The inclusion of rare earth (RE) ions in crystalline matrices for optical properties has gained 
substantial interest due to the advantageous transitions in the visible region. It is these visible 
transitions that is thought to aid in titania photocatalysis, for example, the Ce3+-TiO2 catalyst 
developed by Li et al.65. The enhanced photocatalytic activity was proposed to be the result of 
the formation of two sub-energy levels preventing the recombination of generated electrons 
and holes, one from the defect itself and another from the Ce 4f level. Yttrium, whilst 
technically not a RE element, has been explored as a potential dopant and considered as a RE 
dopant due to its similar chemical properties to other RE elements66. 
A study looking at the incorporation of neodymium, praseodymium and samarium ions into 
the titania structure showed little variance in the lattice parameters of the produced materials, 
indicating that the dopants were not found in the anatase phase67. This suggests that the 
incorporation of the rare earth elements hinders the formation of the crystalline sample. Instead 
of the anatase phase forming with a rare earth dopant, the authors suggest that there is a 
formation of rare earth oxides decorating the formed titania.  The titania itself is doped with a 
Ti4+ ion leading to a charge imbalance because of the produced tetrahedral titanium sites. 
Hydroxyl ions will adsorb to the surface to counteract the charge imbalance, meaning that they 
can accept generated holes when activated under solar irradiation to form the reactive hydroxyl 
radical. This was further demonstrated by Hassan et al. who suggested that the missing XRD 
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peaks associated with the lanthanide oxides were below the detection limit of the method68. 
Relying on transmission electron microscopy (TEM), the authors can see the formed clusters 
around the titania nanowire with a different crystal structure, indicating the presence of RE 
oxides (Figure 1-7).   
 
Figure 1-7 Scanning electron microscopy (SEM) and TEM image of La-TiO2 nanowires showing RE clusters (68) 
 
Other research suggests that these RE ions do substitute into the lattice, which can be 
demonstrated in the distortion of the lattice parameters69–72. As RE ions have a considerably 
larger ionic radius than Ti4+ this distortion would be expected if substitution has occurred. For 
example, Ti4+ has an effective ionic radius of 0.605 Å, whereas the Nd3+ ion is at 0.983 Å38. 
Burns et al. saw that it was only the ‘c’ parameter of anatase that had changed, indicating that 
the substitution of Ti4+ ions was preferential on the body and face centred lattice sites73. The 
‘c’ parameter increased to a maximum on the increase in concentration of dopant, beyond 
which the dopant element was determined to be occupying interstitial sites. This could be 
confirmed by thermodynamic analysis which shows the anatase to rutile transformation, and 
no evidence of the oxide material that had been previously proposed. The occupation of the 
interstitial site by a RE dopant element suppresses the transformation from anatase to the rutile 
phase by restricting contact between crystallites74. 
The antibacterial property of titanium dioxide can be vastly improved through the inclusion of 
rare earth ions. An example of this is the successful europium and europium-silver co-doped 
titania, which has been prepared through a sol gel reaction. This has made significant 
advancements in the antibacterial activity against P. Aeruginosa bacteria75. The co-doped 
samples were mixed anatase and rutile phase. The increased activity was attributed to the 
consumption of electrons by the reduction of europium from Eu3+ to Eu2+ as well as efficient 
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electron-hole separation. The total viable count of bacteria after 72 hours was an order of 4 less 
than the control.  
Of interest is the formation of one dimensional nanostructures of titania such as nanotubes and 
wires due to their unique properties which lead to high electron mobility and high surface-to-
volume ratio. Erbium doped titania nanotubes can be produced using the anodisation of a 
titanium plate submerged in an erbium nitrate solution with ethylene glycol and ammonium 
fluoride76. A MB degradation of 95 % was achieved over 240 minutes. When the concentration 
of the dopant erbium solution increased beyond 2.61 mmol ml-1, the photocatalytic efficiency 
started to reduce. Another group produced a series of RE doped nanotubes through a two-step 
process where anodisation of a titanium plate produced amorphous nanotubes, before being 
electrochemically doped in a RE nitrate bath and then calcined to achieve the correct phase77. 
The suggested locations of the dopant element are at the crystal boundaries and the formation 
of Ti-O-RE bonds due to no observed expansion in the unit cell parameters. The most active 
nanotube catalyst, Ho-TiO2, has a six times higher efficiency at 16 % in the degradation of 
phenol than the un-doped nanotubes produced in the same way under visible light. 
One dimensional nanofibres can be produced through the electrospinning of precursors in a 
polymeric matrix, which is popular due to its relative ease and low cost78,79. The main limitation 
is the difficulty in producing a pure anatase phase. Yttrium doped titania nanofibres produced 
using a sol gel solution for electrospinning were developed by Kumar et al.80. The anatase 
phase was successfully formed at a 3 at% concentration of the yttrium dopant and a calcination 
temperature of 500 ⁰C. Interestingly, the inclusion of the dopant yttrium ion led to a calculated 
band gap of 3.42 eV which is greater than that of pure bulk anatase at 3.2 eV. This blue shift 
seen with the electrospun nanofibers is likely a result of quantum confinement. Sol-gel 
produced nanoparticles of Y-TiO2 were found to exhibit a red shift in absorbance, attributed to 
the interaction of the 4f electrons leading to an enhanced photocatalytic activity81.  
Work done by Ricci et al. combines the well-researched nitrogen doping with rare earth 
dopants82. Using a sol gel assisted hydrothermal reaction, N, Pr – TiO2 and N, Y – TiO2 can be 
produced which was found to be in the anatase phase, with a minor brookite phase. One of the 
key elements of a hydrothermal reaction is the possibility of creating interesting shaped 
particles due to the controlled nature of the reaction, such as the temperature, pressure, pH and 
reaction time.  
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1.2.3 Titanium Dioxide Composites  
Focus has started to shift to the formation of composites with titania instead of doping onto a 
lattice site, which can be a lengthy process.  These materials can exhibit extra properties that 
titania does not have, such as a magnetic behaviour to aid removal, or they can simply help to 
shift the absorption band into the visible region. A good example of this is silver iodide (AgI) 
- titania nanocomposites that are prepared using an ultrasound assisted precipitation process83. 
The coupling of titania with a material that is a lower band gap semiconductor produced a 
photocatalyst with a high activity and stability. The excited electron can transfer from the AgI 
to TiO2 surface due to the conductance band on AgI being more negative. It is here that the 
electron interacts with O2 to form O2-, which is used in the degradation of dyes alongside the 
holes which remain in the valance band of AgI.  
Nanoparticles of titania have been grown in situ on graphene aerogel by Qiu et al. using a 
hydrothermal treatment of titanium (IV) sulfate84. The method promotes the growth of the more 
reactive {0 0 1} facets through the inclusion of glucose in the reaction. After 5 hours exposed 
to solar light, a methyl orange solution (10 mg L-1) can be degraded by 90 %. A significant 
amount of this is due to absorption onto the produced materials and established through reduced 
light experiments. However, under solar irradiation, the degradation is increased indicating 
some photocatalytic activity. This material also has a good performance as a lithium storage 
and reversible capacity.  
Titania - iron oxide composites have gained a considerable amount of attention due to the 
magnetic properties that iron oxide exhibits. Iron oxide has a narrow band gap but its low 
conductivity has limited its use as a photocatalyst. Post-treatment of titania material with iron 
nitrate solution followed by calcination is one way to produce the Fe2O3-TiO2 composite 
material85. 
Other research has focussed on the synthesis of iron oxide/titania composites, avoiding a post 
treatment step. Liu et al. used an iron sulfate source in an ethanol assisted hydrothermal method 
86. Li et al. developed Fe2O3/TiO2 nanocomposites via a co-precipitation method and found 
that there may need to be a balance between the photocatalytic ability and the physical abilities 
of the catalyst87. At a calcination temperature of 880°C, the nanocomposites exhibited good 
degradation of methylene blue and good reusability. There is a very sharp decrease in 
methylene blue concentration in the first hour of the reaction whereby 60 to 80 % of the 
methylene blue is degraded. Over the next four hours the degradation is slowed significantly, 
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only increasing by a further 5 to 10 %. The fast degradation results in the first hour could be 
due to superior catalytic activity. However, as the degradation then slows significantly, it is 
possible that there is adsorption of MB to the catalyst. This may then be broken down 
catalytically. It is also possible that this material is acting similarly to a sponge, absorbing the 
material out of solution giving the impression of great catalytic activity, but in reality the dye 
is no longer be broken down, removing the problem of the pollutant from one place to another, 
adding in a catalyst regeneration stage.  
Titania and copper sulfide core shell nanorods have been developed88. Titania nanorods were 
produced in a hydrothermal synthesis and then functionalised using 3-mercaptopropionic acid 
as a ligand to allow for the growth of the shell. Using a 3 mg L-1 methylene blue solution and 
a catalyst loading of 0.3 g L-1, 90 % degradation was observed in an hour. In order to understand 
the mechanism of the core shell structures, trappers were introduced to the catalytic reaction. 
For example, to determine the role of conduction band electrons, silver nitrate was introduced. 
Ammonium oxalate was used to trap valance band holes. The biggest decrease in methylene 
blue degradation was seen on introduction of silver nitrate, indicating that the produced 
electrons have a large effect on the degradation reactions. The degradation was only inhibited 
slightly by the introduction of ammonium oxalate.   
Whilst titanium dioxide is a wide gap semiconductor, cadmium sulfide, CdS, is a narrow gap 
semiconductor89. Coupled together, the composite has an increased response to visible light 
and reduces recombination. Despite the promising characteristics, the composite still has a low 
catalytic activity. Lanthanum doped titania coupled with CdS was produced by Peng et al. 
which has calculated a band gap of 2.01 eV90. The suggested mechanism for the catalyst 
indicates that the excited electron from CdS absorbing visible light transfers to the conduction 
band of the La-TiO2 and is trapped there by the La3+ ion limiting recombination.  
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1.2.3.1 Phosphor supported titania catalysts  
An alternative method to increase photocatalytic activity is the use of up-converting 
phosophors as a composite material. These materials work as a spectrum modifier, changing 
visible and near-infrared light into UV and therefore satisfying the band gap of titania91,92. Up-
conversion occurs when a system absorbs two or more photons and emits a photon at a higher 
energy (Figure 1-8). Typically this is possible in lanthanide doped phosphors and organic 
acceptor systems. Inorganic systems are more favourable for this application due to their 
chemical stability and durability. The absorption of two photons is made possible by an 
intermediate excited state. Another up-converting mechanism occurs when the excited ion 
transfers the energy to a neighbouring excited ion. Lanthanide dopants are mainly used due to 
their ability to capture multiple photons over a long time enabling solar energy to be used. It is 
electrons in the 4f shell that are optically active. Efficiencies of up-conversion is low, even 
with high power sources such as lasers. For example 5.1% conversion efficiency was reported 
for NaYF4:Er3+ by Fischer et al.93. This was calculated through the ratio of incident excitation 
and emitted photons. When low power sources are used, this efficiency can drop by up to 2 
orders of magnitude94.  
 
Figure 1-8 Diagram demonstrating the up-converting mechanism from the ground state (G) to the excited singlet states (S1 
and S2) 
Most long lasting up-converting phosphors emit in the visible region, such as the green emitting 
SrAl2O4: Eu2+, Dy3+ meaning that research into UV emitting up-converting phosphors is 
currently under development95. For optimal up-conversion luminescence, laser excitation is 
often required which is not necessarily practical for photocatalytic reactions where traditionally 
sunlight and polychromatic lights are used. Despite this, the successful use of Y2SiO5:Pr3+ , Li+ 
- TiO2 activated with radiation from fluorescent bulbs has been extensively researched by E. 
L. Cates et al. and Wu et al 96,97. The main challenge that arises from this type of material 
G 
S1 
S2 
hν (Vis) 
hν (Vis) 
hν(UV) 
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comes from the efficient transfer of the up-converted photon to titania, which can be resolved 
using a core shell structure 98.  
Ultrasonic dispersion has also been used to incorporate the Y2SiO5:Pr3+, Li+ phosphor with 
premade pure titania powders and this has been evaluated against the degradation of methylene 
blue (MB). The phosphor can be excited by blue/green light and emits UV at 288 nm and 320 
nm. It was suggested that the emission from the phosphor can be transferred to the titania. For 
photocatalytic evaluation, 1.15 g of composite material was used per 80 ml of methylene blue 
and irradiated using a 500 W xenon lamp with a cut off for wavelength less than 400 nm. 
Results showed the degradation of methylene blue followed a first order reaction, but it was a 
relatively large amount of catalyst for a small volume. It is possible that there is adsorption 
onto the surface of the composite as well as catalytic activity. The mechanism is described in 
Figure 1-9 and shows energy transfer up-conversion between two Pr3+ ions and the titania. It is 
expected that the energy transfer between the two ions causes an electron to be promoted to the 
4f energy band. It is the transition of this electron to lower energy levels such as the 3HJ, that 
leads to the emission of a UV photon activating the titania photocatalyst.  
 
 
Figure 1-9 Energy transfer between the two Pr3+ dopant ions of the Y2SiO5 host and the titanium dioxide (Adapted from 
reference 97) 
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Other host materials for up-conversion have also been investigated in combination with titania. 
Europium doped alkaline earth aluminate phosphors such as CaAl2O4:Eu, Nd, are of particular 
interest due to their established characteristics. By making slight changes to the host, for 
example barium instead of calcium, this can change the luminescent properties making them 
tuneable to the application. The silver doped CaAl2O4:Eu, Nd phosphor with a titania thin film 
deposited on top was investigated for its use in the degradation of benzene 99. A third phase of 
CaTiO3 was found to form between the CaAl2O4 and TiO2 which is thought to improve its 
catalytic behaviour over pure titania. 
Core-shell structures of titania with NaYF4 and YF3 have been researched extensively as when 
doped appropriately can convert near infrared (NIR) emission to visible and UV light which 
could be beneficial as NIR accounts for about 44% of the solar spectrum98. Wang et al. 
indicates that the issue of hole and electron recombination from the excited titania is still an 
issue which can affect the efficiency of the photocatalyst. Rather than change the properties of 
the hydrothermally assisted deposited titania, a third element is introduced in the form of 
reduced graphene oxide (RGO) to serve as an electron collector, preventing recombination. 
Under irradiation at 980 nm, emission peaks attributed to Tm3+ ions are found at 348 nm and 
364 nm. When evaluated against model pollutants methylene blue, methyl orange and phenol, 
the sample containing the deposited RGO reached a degradation of 95 %, 90 % and 60 % under 
simulated sunlight over 60 minutes. Samples with just the mixed components were not as 
efficient at removing pollutants, indicating the need for deposition of layers.  
Research has also shifted focus into combining doped titania systems, such as N-TiO2, and 
combined this with up-converting phosphors. Nitrogen doped titania modified by organic up-
converting phosphors which emit at 434 nm show high photocatalytic activity when excited 
with light emitting diodes (LEDs). An 80 % degradation of methylene blue over 30 minutes is 
achieved and rhodamine blue degradation achieved the same target in 120 minutes. The 
degradation of Spiramycin, which is an antibiotic detected in ground water sources and 
drinking supplies, has been achieved by Sacco et al. by supporting N-TiO2 on organic 
phosphors100. A 30 wt% loading of the doped titania was found to have the greatest activity, 
removing 58 % of organic compounds in 180 minutes compared to to 1% removal over 300 
minutes of just the N-TiO2.  
Other up-converting phosphors which may aid the efficiency of titania based catalysts include 
those based on the yttrium metavanadate (YVO4) host101,102. When co-doped with erbium and 
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ytterbium, excitation from a 980 nm laser shows emission peaks between 520-535 nm and 540-
565 nm attributed to transitions from the erbium ions. Whilst this may be too far into the visible 
region for most doped titania, variations of this system may lead to different up-converted 
wavelengths closer to the UV region.  
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1.3 Zinc Oxide  
Zinc oxide can also be used in AOP reactions due to its semiconductor nature with a wide band 
gap of 3.27 eV103. Its use as a photocatalyst has been limited due to dissolution at extreme pH 
values, despite its superior efficiency compared with titania104. Like titania, there are three 
crystalline forms, wurtzite, cubic zinc blende and the rare cubic rock salt. It is the wurtzite form 
that is the most promising as a photocatalyst and is also the most stable form with a hexagonal 
structure. Like titania, it is important to increase the charge separation to avoid recombination 
of electrons and holes and to reduce the band gap of the material so that it can be activated in 
the visible region. As a photocatalyst, reaction mechanisms are very similar to that of titania. 
Doping with metal ions has a large advantage as the trapping of the generated electrons and 
holes can occur, restricting recombination as well as allowing the band gap to be reduced. The 
effect of recombination is a particular issue for titanium dioxide.  
Several papers have shown the successful enhancement of photocatalytic performance from 
the inclusion of anions such as nitrogen and sulfur105. Nitrogen doped zinc oxide tetrapods were 
achieved through the doping with urea of synthesised tetrapods, made through a controlled 
vapour phase synthesis106. The coarseness of the sample, seen in Figure 1-10B, is as a result of 
the doping causing surface modification. The catalysis results are shown in Figure 1-10A, and 
there is a significant improvement to the degradation of bisphenol A (BPA), with 93% degraded 
in just 4 hours. The success of this catalyst is thought to be due to the isolated N 2p states above 
the valence band of ZnO. During excitation the electron hole pairs are generated between the 
N 2p state and the Zn 3d conduction band. However, as the sample appears to be very porous 
from the SEM (Figure 1-10B) there is no presented analysis on fragments of BPA found in the 
solution. There is also no analysis on the recovered catalyst to confirm that the lower levels of 
BPA are as a result of catalysis rather than absorption onto the catalyst. This could be used to 
explain the superior activity of the un-doped tetrapod’s which had smooth surfaces.  
 
Figure 1- 10 Degradation of Bisphenol A over 20 hours of (a) solution, (b) ZnO tetrapods, (c) Degussa-TiO2 and (d) ZnO-
tetrapods doped with nitrogen (A) and SEM images of porous tetrapodss (B) 
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Sulfur doped zinc oxide can be made through various synthesis routes, including but not limited 
to electrochemical deposition and air oxidation of zinc sulfate107. One such method utilises an 
eco-friendly mechanochemical synthesis of bisthiourea zinc oxalate followed by the thermal 
decomposition. The sulfur dopant was successfully incorporated into the lattice leading to a 
large quantity of oxygen vacancies, which significantly enhanced the photocatalytic activity. 
The mechanism of zinc oxide doped with anions such as nitrogen, carbon and sulfur is shown 
in Figure 1-111.  
 
Figure 1-11 Photocatalytic mechanism of ZnO with anionic dopants on exposure to radiation (adapted from reference 105) 
Cationic doping has also been heavily researched. The iron doped zinc oxide, synthesised via 
a hydrothermal reaction with the relevant nitrates, produced ‘nanoflowers’ with a 94 % 
degradation of RhB over 180 minutes with a 1 % dopant concentration under visible light108. 
It is suggested that the cationic dopants are found at the surface of the produced catalyst, 
meaning that effective charge separation can occur once excited. Using a combustion synthesis 
of the relevant nitrates, silver deposited ZnO and their bactericidal and photocatalytic activities 
were investigated by Karunakaran et al.109. As with the iron doped system, the silver acts as an 
electron trap slowing recombination.  
In the cobalt and sodium co-doped zinc oxide system, it is thought that the cobalt will 
successfully substitute into the zinc site of the lattice, made possible due to similar radii (0.58 
Å and 0.60 Å respectively)38,110. This substitution was confirmed using synchrotron XRD in 
combination with X-ray adsorption spectra and transmission electron microscopy (TEM). 
Despite this, the photocatalytic efficiency of the co-doped sample was lower than the pure 
-OH 
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material as the cation acted as a trap for both electrons and holes, therefore promoting 
recombination.  
Of key interest to the work presented in this thesis is the rare earth doped zinc oxide. The 
neodymium doped system has been one of the most widely used dopants with a degradation 
rate of rhodamine blue reaching 90 % in 60 minutes with UV radiation and complete 
degradation of methyl orange in 45 minutes under a UV-Vis light source111. Neodymium doped 
zinc oxide nanoneedles were successfully synthesised by an ultrasonic assisted method with a 
hexagonal wurtzite structure112. A 92 % degradation of methylene blue illuminated with a UV 
lamp was achieved in 300 minutes, which was 2.5 times faster than the pure zinc oxide 
nanoneedles. Interestingly, for these Nd-ZnO systems, a UV lamp is still required to excite the 
photocatalyst. Again, no post catalyst analysis is performed to ensure that a) dye fragments are 
found in solution or b) no adsorption of the dye occurred onto the catalyst. However, the Nd-
ZnO developed by Sin et al. using a sol gel reaction was irradiated with visible light, with 
phenol degradation rates of 92 % over 300 minutes113. The partially filled f-orbital of the rare 
earth dopant, in this case Nd, can trap the electrons, preventing recombination. Trapped 
electrons can then migrate to the adsorbed oxygen allowing for redox reaction to occur.  
Europium doped zinc oxide ‘nanoflowers’ were produced by Sin et al.(Figure 1-1212)114. From 
the XRD it could be seen that the Eu3+ ion substituted into the Zn2+ site due to the shift in peaks 
and calculated lattice parameters. The peaks also became less intense and broader as the 
europium content increased, similar to the titania samples, due to crystal growth being 
inhibited. At a 2% dopant concentration, degradation of phenol reached 97.3% in 30 minutes 
under natural sunlight.  
 
 
Figure 1-12 SEM images of the pure ZnO nanoflowers (114) 
 
 25 
 
The combination of titania and zinc oxide has been investigated with mixed results. For 
example, a thick ZnO-TiO2 film deposited on glass substrates created by spin coating without 
the formation of a third phase showed that the composite material had a lower efficiency against 
methyl orange over its individual counterparts115. However, the hydrothermally produced 
RGO-TiO2-ZnO composite had a greater photocatalytic activity than its individual parts116. The 
success of this is thought to be due to the efficient separation of charge by the RGO, inhibiting 
recombination. Some efforts to combine titania and zinc oxide have led to the formation of a 
mixed ZnTiO3 and issues have also arisen due to the acidity of the titania solution when coating 
with titania117.  
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1.4 Aim and Objectives  
The aim of the work presented in this thesis was to develop and optimise a photocatalyst based on 
advanced oxidative processes for use in water purification.  
 
In order to achieve this, the objectives set were:  
 
 Develop and optimise the production of single and co-doped titanium dioxide systems using 
rare earth elements, including yttrium and titanium chloride as the starting materials. 
 Develop a standard testing system for methylene blue degradation under visible light. 
 Produce a core-shell system with doped titanium dioxide and known up-converting 
phosphors. 
 Investigate the inclusion of zinc oxide over titanium dioxide as a successful catalyst.  
 Characterise all produced materials, to allow optimisation and to understand photocatalytic 
behaviour. The main properties of interest include the phase of the materials, the chemical 
states of incorporated elements and the degradation of methylene blue over 48 hours under 
visible light. 
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2. Characterisation Methods  
This chapter outlines the characterisation methods employed in this research and a brief 
description of the technical details.  
2.1 Powder X-ray Diffraction 
Initial characterisation was performed using X-ray diffraction (XRD). This was essential in 
determining the phase of the material produced and allowed lattice parameters to be calculated. 
2.1.1 Crystallography 
A crystalline solid consist of an ordered array or lattice of molecules, ions or atoms forming a 
highly ordered structure1. The unit cell of a lattice is the smallest repeating unit of atoms, or 
lattice points. The unit cell is defined by the lattice parameters which are three vectors, labelled 
a, b, c, and its three angles, α, β, γ, as demonstrated in Figure 2-1.  
 
Figure 2-1 Description of lattice parameters 
 
There are seven crystal systems that can form depending on the lattice parameters and each 
system has its own distinct lattice shape. Each system arises from rotation and reflection 
restrictions. These are summarised in Table 2.1. Solid materials that do not form a highly 
ordered system, and therefore have no crystal structure, are known as amorphous materials.  
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Table 2.1 Unit cell descriptions 
System Unit Cell 
Cubic 
a = b = c  
α = β = γ = 90 ⁰  
Hexagonal 
a = b ≠ c  
α = β = 90 ⁰   
γ = 120 ⁰  
Trigonal 
a = b = c 
α = β = γ ≠ 90 ⁰  
Tetragonal 
a = b ≠ c  
α = β = γ = 90 ⁰  
Orthorhombic 
a ≠ b ≠ c 
α = β = γ = 90 ⁰  
Monoclinic 
a ≠ b ≠ c 
α = γ = 90 ⁰  
β ≠ 90 ⁰  
Triclinic 
a ≠ b ≠ c 
α ≠ β ≠ γ  
 
 
Miller indices can be used to identify the orientation of the lattice planes in a crystal. Miller 
indices are labelled h, k and l and can be any whole integer, including zero and negative 
integers. The number of times a plane crosses the length a is expressed as h. Equally, the 
number of times the plane crosses the unit cell length b and c refers to the k and l indices 
respectively. Examples of Miller indices are seen in Figure 2.2.  
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Figure 2-2 Miller indices examples (Reference  2) 
 
2.1.2 X-ray Diffraction  
The wavelengths of X-rays are similar in magnitude to the spacing between lattice planes, 
meaning that X-ray diffraction by the crystal lattice occurs. It also allows for the identification 
of a crystalline phases as each plane will interact with the X-ray differently. In 1913, following 
the experimental proof that X-rays were diffracted by crystals, W. L. Bragg and W. H. Bragg 
proposed an equation relating the diffracted beam with the lattice planes of a crystal. This is 
shown in Equation 2-1. The Bragg diffraction parameters can be seen in Figure 2-3. The Bragg 
equation provides the fundamental basis of X-ray diffraction (XRD) and leads to the calculation 
and identification of the unit cell geometry; 
                                                                  𝑛𝜆 = 2𝑑 sin 𝜃 
In Equation 2-1 n is an integer value, λ is the incident wavelength, θ is the scattering angle and 
d in the interplanar distance. These parameters are shown in Figure 2-3 for clarity. 
 
 
 
   2-1 
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Figure 2-3 Bragg diffraction 
 
XRD has many advantages as a characterisation tool. This is because it is relatively simple to 
prepare samples and is reasonably quick to carry out measurements. It also allows for the phase 
of a material to be identified, such as identifying if a sample of titanium dioxide is pure anatase 
or if it is a mix of two different phases. It is a particularly useful tool to identify lattice strain 
of new materials by comparing calculated lattice parameters with reference lattice parameters. 
This is important when looking at the doping of a material such at titanium dioxide.  
2.1.3 Generation of X-rays  
The most common source of X-rays for analytical purposes is from an X-ray tube kept under 
vacuum. An electrical current is passed through a wire filament in order to produce electrons. 
These electrons are accelerated to high velocity by an electrical potential of 40000 – 60000 
volts over a very short distance. The electrons are then stopped by a metal block, typically 
copper or molybdenum, which acts as the anode.  
When the electrons hit the metal target, most of kinetic energy is lost through heat, meaning 
the system must be water cooled. Through the interaction of the electron and target metal, a 
small proportion of electrons generate X-rays. A core electron can be ejected from the target 
metal after the interaction with the accelerated electrons, leaving it unstable. An electron from 
a higher orbital can decay and replace it. The excess energy is emitted with characteristic X-
ray wavelengths and frequencies.  
A spectrum of several X-ray wavelengths can be observed due to the many possible transitions. 
A broad output with several sharp peaks is often observed meaning that it is important to fit a 
monochromator to ensure the analysis is run with a single wavelength X-ray beam. For a copper 
target, the two wavelengths are labelled Kα and Kβ and it is the Kα wavelength that is used for 
XRD.  
d 
θ θ 
Incident X-rays Diffracted X-rays 
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2.1.4 Experimental set up and preparation  
Samples were characterised using the PANanalytical X’Pert Powder diffractometer. Analysis 
was carried out at room temperature with Cu Kα1 radiation. Powders were analysed in the 2θ 
range of 20-80 ⁰ with a total running time of two hours per sample.  
Using the X’Pert HighScore Plus software, collected patterns were compared with the Joint 
Committee for Powder Diffraction (JCPDS) files on record from the International Centre for 
Diffraction Data (ICDD). From this it is possible to calculate the lattice parameters using the 
reference file, peak positions and the associated Miller indices. For this, the peak positions and 
miller indices as a text file were run through the calculation software UnitCellWin.  
2.2 Scanning Electron Microscopy 
Scanning electron microscopy (SEM) was used to gain detailed information regarding the 
shape and size of the produced catalysts and to observe the extent of agglomeration and 
sintering of particles. The JEOL USA JSM7100F Analytical Field Emission SEM was used to 
obtain images of samples. The samples were mounted on a 50 µm strip of colloidal graphite on 
top of the alumina-coated sample stub. Samples were typically not gold coated, with the 
exception of the phosphor samples to improve conductivity. Using an argon source gold coater, 
two applications of 2 nm gold were coated onto these samples. Samples were imaged at an 
accelerating voltage of 5 kV and a probe current of 8 µA. The working distance was set at 10 
mm. Images were taken from x500 magnification to x100000 using a backscatter detector.  
2.2.1 Energy Dispersive X-ray Spectroscopy  
Energy dispersive X-ray spectroscopy (EDX) was used to analyse the composition of samples 
observed in the SEM imaging, especially for core-shell structures. To obtain the chemical 
composition of a sample, EDX analyses the characteristic X-rays that are emitted when it is 
bombarded with a focussed electron beam. Bremsstrahlung X-rays are the result of the 
interaction of the electron beam with the nucleus and gives rise to the background seen on EDX 
spectra3.  
Characteristic X-rays are produced when an inner shell electron of an atom is ejected after 
interaction with a high energy electron. This leaves a hole which is filled from an outer shell 
electron. The excess energy from this interaction is emitted as the characteristic wavelength.  
Low atomic number elements are hard to detect in EDX analysis. This is because of the 
emission of an Auger electron from the sample4. The Auger electron also has an energy that is 
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characteristic of the source but electrons can only escape from a depth of 0.1 -2 nm. Beyond 
this, ejected electrons will undergo additional inelastic interactions in the sample. For higher 
atomic number elements, it is the characteristic X-ray production that dominates in the EDX 
spectrum. 
EDX was not run on the gold coated samples of phosphor as elemental analysis would be 
dominated by the gold. Using the Thermo Fisher Scientific UltraDry EDS detector and the 
Thermo Fisher Scientific Pathfinder X-ray Microanalysis Software, analysis was carried out 
whilst the samples were mounted in the SEM. For this analysis the probe current was increased 
to 12 µA and the working distance kept at 10 mm. The software allowed for elemental mapping 
of samples to be collected and analysed. 
2.3 Transmission Electron Microscopy   
Transmission electron microscopy (TEM) is a second microscopy method commonly used in 
the characterisation of inorganic, organic and biological molecules. This method differs to that 
of SEM as the image produced does not give surface details. Instead, spatial characterisation 
of the molecules such as the size and detailed shape can be recorded. TEM is also capable of 
producing electron diffraction patterns when analysing crystalline material. The sample is 
‘illuminated’ using an electron beam which can be focussed onto the sample through the use 
of lenses5.   
TEM images were recorded at the Università di Cagliari using a Hitachi H-7000 instrument 
equipped with a tungsten thermoionic filament running at 100 kV. Samples were finely ground 
and deposited on a carbon-coated copper grid. Images were acquired by an AMT DVC 
(2048x2048 pixel) CCD camera.  
2.4 X-ray Photoelectron Spectroscopy  
X-ray photoelectron spectroscopy (XPS) can be used to study the surface of a sample and give 
information on the composition and electronic state3. The sample is bombarded with X-ray 
photons causing electrons from either a valence shell or core shell to be ejected. The kinetic 
energy of the ejected electron depends on the binding energy and the energy of the incident 
photon. Through the measurement of the kinetic energy of the emitted electrons, the binding 
energy can be determined, leading to the identity of an atom and its chemical state. The 
significant background found on XPS spectra are a result of inelastic scattering of electrons.  
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XPS analysis was obtained using the Thermo Fisher Scientific Theta Probe spectrometer and 
the Thermo Fisher Scientific Advantage software. A monochromatic aluminium Kα X-ray 
source was used with an energy of 1486.6 eV. During the acquisition, an X-ray spot size of 
~400 µm radius and a pass energy of 300 eV was used.  
2.5 Ultraviolet-Visible Spectroscopy  
Ultraviolet-visible spectroscopy (UV-Vis) was used to determine the success of a doping 
system by monitoring visible light absorbance and the calculation of band gaps. Spectra were 
collected using the Perkin Elmer Lamda 750 UV-Vis spectrometer. The powders were held in 
a sample holder with a quartz window. Analysis was carried out between 300 nm and 800 nm, 
and data collected in 1 nm steps. This data was then used to calculate the band gap of the 
samples under investigation in this thesis. 
2.5.1 Band gap calculations 
The band gap is the energy difference between the valence band and the conduction band in 
the material electronic band structure between which an electron can move. Relating the 
absorbance value detected by UV-vis spectroscopy with the band gap is possible using 
Equation 2-26; 
               (𝛼 1240𝜆 )𝐴 =  1240𝜆 − 𝐸𝑔 
In Equation 2.2 α is the absorption value from the UV-Vis spectrum, λ is the detected 
wavelength, A is the constant relating to the transition probability and Eg is the band gap. 
Titanium dioxide is an indirect allowed transition so has an A value of 1/2. From the Tauc plot 
of (αhv)1/2 vs hv, the band gap can be estimated by extrapolating the straight line part of the 
plot to (αhv)1/2 = 0.  An example of these Tauc plots can be seen in Figure 2-47.  
2-2 
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2.6 Catalysis testing  
2.6.1 Background 
In this study, the degradation of methylene blue (MB) was used to evaluate produced catalysts. 
MB was chosen as the degradation is simple to follow by monitoring the decolourisation of the 
blue liquid using UV-Vis spectrometry and as a result, it can be a useful screening model 
pollutant. For more real world applications, testing would need to progress to model pollutants 
such as 4-chlorophenol, and ‘real’ polluted water. This ‘real’ water needs to be synthetically 
produced to mimic real polluted water to enable quantitative degradation. This also enables the 
standardisation of testing procedures across laboratories. In 2009, the Organisation for 
Economic Co-operation and Development (OECD) set out a test standard for synthetic 
wastewater8.  
 
 
 
Figure 2-4 Example of Tauc plots for anatase and rutile nanospheres  (7) 
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After tests as a catalysts, characterisation of the recovered material in the development stage is 
important as MB can absorb onto the titanium dioxide, as occurs in the production of dye 
sensitised solar cells. This absorption stage may play a key role in the catalytic activity, 
enabling the oxidation and reduction reactions to occur. It may also prevent these reactions and 
give false degradation values, acting more as a sponge than a catalyst. Absorption of MB can 
be monitored through UV-Vis spectroscopy of the recovered catalysts.  
2.6.2 Test Parameters  
In a typical test, 0.1 g of nanoparticles, or composite fibre, were placed in a 100 ml conical 
flask containing 50 ml of 2.5 ppm MB solution. The flasks were wrapped in aluminium foil 
and left in a dark box for one hour to attain absorption-desorption equilibrium. The solutions 
were stirred for 24 h in a light box. The light source, a LED lamp (Diall Portable LED Work 
Light, 24 W) was fitted to the top of the box, at a distance of 25 cm from the flasks. A UV glass 
filter was place under the light source. For each set of catalysis testing a TiO2-P25 reference 
was used alongside a solution of MB. The TiO2-P25 reference sample is a standard material 
for photocatalytic reactions containing nano particles of both anatase and rutile phases in a 3:1 
ratio10. Before samples were analysed using UV-vis spectroscopy, the catalyst was removed by 
centrifugation. After catalysis testing, the catalyst was recovered, rinsed and dried at 70 ⁰C for 
5 hours. Once dry, a repeat UV-Vis spectrum was obtained to monitor methylene blue 
adsorption onto the catalyst. 
 
 
Figure 2-5 Schematic of light box set up for photocatalyst testing 
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3 Rare earth doped titanium dioxide 
3.1 Introduction  
This chapter explores the inclusion of rare earth (RE) elements as a suitable dopants in titanium 
dioxide. Materials with a single element dopant and co-doped systems will be investigated. For 
this work yttrium was considered as a rare earth element. The more active anatase phase of 
titanium dioxide has a band gap of 3.20 eV meaning it can be activated by UV radiation. The 
wavelength required can be calculated using Equation 3.11;  𝜆 =  1240𝐸𝑔  
Where Eg is the band gap. Planck’s constant multiplied by the speed of light in eV gives 1240.8.  
By reducing the band gap through the doping of the lattice, the photocatalyst can be activated 
by visible light, which accounts for approximately 43 % of sun radiation compared to just 4 % 
for UV. This would reduce the need for expensive UV lamps and would allow for small scale 
use in remote areas of the developing world. It is important to keep in mind that it is the samples 
containing a higher percentage of the exposed (0 0 1) facets that are more reactive. This facet 
is not often found in XRD patterns and instead we must look for sharp (0 0 4) diffraction peaks 
as this suggests dominant crystal growth in the (0 0 1) direction2.  
Current studies on the inclusion of rare earth ions into the titania lattice has led to mixed 
opinions on the location and form of the dopant material. One study suggested that the rare 
earth inclusion prevented the growth of the crystalline anatase phase.  Instead this previous 
research suggests that rare earth oxides doped with titania were formed3. The missing peaks on 
the X-ray diffraction patterns were thought to not be seen due to the peaks being below the 
detection limit 4. However, other work has shown that the RE ions do substitute into the lattice 
as demonstrated by the distortion in the lattice parameters, particularly the ‘c’ parameter5. 
Inclusion of the dopant into the lattice is tolerated to a saturation limit, at and above which the 
dopant ions start to occupy interstitial sites within the lattice6.   
 
 
 
 
  (3-1) 
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3.2 Aim and Objectives  
The key aim of this work was to develop a suitable rare earth doped and co-doped titanium 
dioxide photocatalyst, evaluated against the degradation of methylene blue. The objectives of 
this chapter are to: 
 Produce single rare earth doped titanium dioxide using sol gel synthesis with titanium 
chloride and relevant oxides. 
 Determine the optimum reaction conditions to produce the most effective photocatalyst.  
 Develop a rare earth co-doped system using the optimum reaction conditions developed 
with the single doped system. 
 
3.3 Materials and Production  
Samples were produced via a sol gel reaction with titanium (IV) chloride. Titanium (IV) 
chloride (TiCl4, 1 ml) was added slowly dropwise to deionised water at 0 °C under constant 
stirring. Erbium oxide (Er2O3, 1 mol%) was added to the solution and stirred for one hour at 
80 °C. Once cool, ammonium hydroxide (NH4OH) was added dropwise to the solution until it 
reached pH 8, monitored with a pH meter. The resultant gel was aged for 24 hours before being 
filtered under suction. The recovered precipitate was washed with water and ethanol three times 
and dried in the oven overnight (17 hours) at 75 °C. The resultant dried powder was ground 
and placed in an alumina crucible into a muffle furnace. The furnace was heated to 400 °C for 
one hour (ramp rate = 5 °C/min). The final powder was ball milled for 15 minutes before 
analysis. The above procedure was repeated using gadolinium oxide (Gd2O3), lanthanum oxide 
(La2O3), neodymium oxide (Nd2O3), praseodymium oxide (Pr6O11) and yttrium oxide (Y2O3) 
in place of Er2O3 to yield Gd, La, Nd, Pr and Y doping respectively. 
Catalysts were assigned the codes “DC_P_X”, where ‘D’ represents the dopant element and 
‘C’ represents the concentration of the dopant at a mole percentage. For samples where the pH 
of the gel differed from 8, the ‘P’ represents the pH for that sample. For samples where the 
calcination temperature used differed from 400 °C, the ‘X’ represents the temperature in 
Celsius.  
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3.4 Single doped titanium dioxide  
3.4.1 X-Ray Diffraction  
The sol gel synthesis of doped titanium dioxide was used to produce a 1% doped titanium 
dioxide sample in the more photocatalytically active anatase phase. The titanium chloride 
precursor solution was heated and stirred for an hour with the dopant before gel formation to 
ensure the dopant was fully dissolved and well dispersed in the solution. For some of the 
dopants, a visible colour change in titanium chloride could be observed. As seen in Figure 3-1 
the X-ray diffraction (XRD) patterns of each of the six dopants at 1% show that the anatase 
phase of titanium dioxide was achieved but indicates that the phase is titanium deficient with a 
formula of Ti0.72O2 7,8. It could indicate that inclusion of the RE ions is to interstitial sites of the 
lattice rather that into titanium sites. The peak around 25° (2θ) corresponds to the (1 0 1) plane 
of the anatase phase as seen in Figure 3-1. A very subtle shift in the position of the peak to 
higher 2theta can be observed for the lanthanum and erbium doped samples, as detailed in 
Table 3-1. The minimal shifts in peak positions further supports the inclusion of RE ions into 
interstitial sites. If titanium sites were occupied a shift in peak position would be expected, 
indicating expansion in the unit cell. An expansion would be expected due to the larger ionic 
radii of the RE ions compared to the Ti4+ ion. The peak around 38⁰ (2θ) for the (0 0 4) plane 
has a low intensity across all samples, indicating that there is limited growth in the reactive      
(0 0 1) direction. 
The peaks are not sharp and remain broad indicating a lack of crystallinity. This is similar to 
what is found in the literature where the inclusion of the RE ions restricts the growth of the 
crystalline anatase phase. Broad peaks are also an indication that nano materials have formed. 
A summary of the calculated lattice cell parameters and ionic radii can be seen Table 3-1.  
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Figure 3-1: XRD patterns of single rare earth doped titanium dioxide in comparison to a pure anatase phase  
 
Table 3-1: Calculated lattice parameters of single dope RE-TiO2 
Sample 
Lattice Parameters 
Ionic Radii 
 (Å) 9 
Position of  
(1 0 1) peak 
⁰2θ 
a = b (Å) c (Å) Volume  
(x106 pm3) 
Anatase 3.776 9.486 135.25 Ti = 0.605 25.322 
Er1 3.790 9.520 136.73 0.890 25.501 
Gd1 3.794 9.497 136.69 0.938 25.373 
La1 3.793 9.513 136.84 1.032 25.579 
Nd1 3.771 9.487 134.90 0.983 25.375 
Pr1 3.779 9.493 135.59 0.990 25.377 
Y1 3.773 9.407 133.88 0.900 25.289 
Rutile 4.594 2.959 62.58 Ti = 0.605 - 
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3.4.2 Scanning Electron Microscopy 
An example of morphologies for the yttrium single doped titania (Y1) can be seen in the 
micrographs obtained through scanning electron microscopy in Figure 3-2. Figures 3-2A shows 
clearly the formation of large micron sized material which are between 5-10 µm. This is a result 
of the high temperature calcination that is required to ensure that the material is in the correct 
anatase phase. In Figure 3-2B-C, it can be observed that these micron sized particles further 
comprise of smaller nanosized particles. They are irregular in shape which is characteristic of 
the sol-gel method. Sintering the nanoparticles to larger micron sized particles will reduce the 
surface area and potentially negatively affect the catalytic ability. This may be particularly 
important if the absorption of the pollutant onto the catalyst surface is a key step in the 
degradation method. This was a necessary step however, as it enables the conversion to the 
more catalytically active anatase phase over the amorphous state, which is restricted when 
incorporating rare earth ions. Figure 3-2D is the grey scale SEM image obtained in order to run 
energy dispersive x-ray spectroscopy on the sample.  This was to gain elemental mapping of 
the 1% yttrium doped titania sample. This was performed to survey the distribution of the 
dopant material in the titania host, and to confirm there were no concentrations of yttrium ions. 
The mapping of Y and Ti can be seen in Figure 3-2E and 3-2F. The calculated EDX content of 
Y in the sample was found to be 0.32 wt%. This measurement is of the surface ions of Y which 
may not represent the bulk material.  
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Figure 3-2 SEM Images of Y1 showing example morphologies of the sol gel produced material (A-C) and obtained EDX 
analysis; grey scale SEM image  (D), Y map yellow (E) and Ti map green (F) 
 
 
 
 
A             B 
 
 
 
 
 
C       D 
 
 
 
 
 
E      F 
10 µm 
1 µm 
1 µm 
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3.4.3 Transmission Electron Microscopy  
Transmission electron microscopy (TEM) was used to confirm the nano structure of the 
material which sinters together to form the larger micron sized particles. As seen in Figure 3-
3, an example of what the particles look like can be found. The formation of the large micron 
sized particles can be seen more clearly in Figure 3-3B where sintering at the edges is observed. 
Individual particles are 20-40 nm in size and as with many nano-materials will have a larger 
surface area as a result. On sintering, the surface area will decrease, reducing the available 
surface for catalytic reactions.  
 
  
A              B  
Figure 3-3 TEM images of Y1 showing the formed nano material present in the sample (A) and evidence of sintering 
(B) 
100 nm 100 nm 
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3.4.3 X-Ray Photoelectron Spectroscopy 
X-ray photoelectron spectrocopy (XPS) analysis was run on the Y1 sample to confirm the 
inclusion of yttrium atoms into the host and not as the elemental material. This can can be seen 
in Figure 3-4. The Y3d spectrum clearly shows the two spin states of Y3d3/2 and Y3d5/3 at 
160.18 eV and 158.18 eV respectively and suggests bonding in an oxide environment such as 
titania. This is a shift to higher binding energy than pure yttrium oxide, suggesting an 
interaction with titanium and the removal of the starting material. The Ti 2p peaks at binding 
energy 464.38 eV and 458.68 eV correspond to the 2p1/2 and 2p3/2 spin states respectively, 
indicating and confirming the presence of Ti as a Ti4+ ion. Only one peak is observed for the 
O 1s spectra which can be attributed to lattice oxygen of titanium dioxide, which is close to the 
literature values10. The assymmetric nature of the peak suggests the presence of surface 
hydroxy contaminants from sample handling.  The C 1s spectra is likely due to the presence of 
surface species such as carbonyls from sample handling and is unlikely to be present in the 
sample itself.  
  
  
Figure 3-4 XPS analysis of the Y1 sample; Y 3d, Ti 2p, O 1s and C 1s 
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3.4.4 UV-Visible Spectroscopy and Catalytic Testing 
 
Figure 3-5 Ultraviolet-visible spectroscopy analysis of 1% single doped TiO2 
 
Figure 3-6 Tauc plots 1% single doped TiO2 with example extrapolation for Pr1 (blue) and Gd1 (gold) 
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The ultraviolet visible spectrum in Figure 3-5 shows that there is visible absorption for all six 
samples. However the broad band of absorption has not shifted from the UV region and a steep 
increase in absorption can be seen around 400 nm. Satellite peaks from the main absorption in 
the UV is typical of titania samples and can be seen for the praseodymium, erbium and 
neodymium samples from strong 4f-f electron transition peaks. A weak absorption peak can be 
seen around 600 nm indicating the 1D2 to 3H4 transition of praseodymium3. The f-f transitions 
are sharper in the neodymium sample where the two peaks at 590 nm and 751 nm are 
representative of the 4I9/2 to 2K13/2 and 4S3/2 to 4F7/2 transitions.  
The inset plot on Figure 3-6 shows the Tauc plots with some examples of the extrapolated lines 
used to determine the band gaps. The calculated band gaps are summarised in Table 3-2. The 
band gap has not reduced in comparison to pure titania (3.2 eV) and commercially available 
P25. There is not a sample with a significantly reduced band gap, despite some absorption in 
the visible region. This does not necessarily mean that they will be an inefficient photocatalyst 
but is used as an indicator.  
 
Table 3-2 Calculated band gaps and MB catalysis testing results 
Sample Band gap (eV) 
Methylene Blue removal 
after 48 hours (%) 
Er1 3.22 51 
Gd1 3.21 36 
La1 3.23 27 
Nd1 3.23 58 
Pr1 3.22 27 
Y1 3.21 70 
MB - 3 
P25 3.21 19 
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Figure 3-7 Catalysis test results of 1% RE doped TiO2 against MB over 48 hours 
The calculated band gaps do not show a decrease as would be expected from dopant inclusion 
but rather an increase, despite some visible absorption. Figure 3-7 shows the catalysis 
degradation of methylene blue over 48 hours under UV filtered visible light. A 70% removal 
of MB over 48 hours was observed for the 1% yttrium doped sample. This is a large 
improvement in comparison to P25 removal rates (19%) and degradation of the solution under 
UV light only (3%). The increased efficiency may be due to successful charge separation of 
the produced holes and electrons. It may also be superior due to effective absorption and 
generation of the reactive ·O2- and ·OH radicals. 
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3.5 Optimisation of Yttrium doped Titania 
From the studies on the single doped titanium dioxide it was found that the most efficient 
system in the degradation of methylene blue was the 1% yttrium doped titania which degraded 
methylene blue by 70% over 48 hours. In order to improve on this efficiency, it is important to 
optimise the reaction conditions, before combining with other dopants. For this section, two 
further yttrium concentrations, a higher calcination temperature and changes to the pH will be 
investigated. A description of these can be found in Table 3-3.  
Table 3-3 Summary of samples produced in the optimisation of the procedure 
Sample Description 
Y0.5 0.5 % Y doped 
Y1 1 % Y doped 
Y2 2% Y doped 
Y1_500 1% Y doped, 500 °C calcination temperature 
Y1_pH4 1% Y doped, gel formation at pH 4 
Y1_pH11 1% Y doped, gel formation at pH 11 
 
3.5.1 X-Ray Diffraction  
As seen in Figure 3-8, the X-ray diffraction (XRD) patterns of all six variants show that the 
anatase phase of titanium dioxide was successfully formed for all reaction conditions7. The 
peak around 25 °2θ corresponds to the (1 0 1) plane. A shift in the position of this peak to the 
right can be observed between the samples with increasing dopant concentration, indicating 
stress on the lattice from the increasing concentration of the dopant material into the host site. 
Interestingly, no rutile phase was formed at the higher calcination temperature which would 
normally be expected in pure samples.  It is thought that the inclusion of RE ions slows the 
growth of crystalline phases so it is unsurprising that there are no peaks corresponding to the 
rutile phase found in the Y500 sample. With a variation in pH, no change in phase was observed 
across the data set. However, a shift to higher 2θ values can be seen in the Y1_pH11 sample. 
A summary of the calculated lattice cell parameters can be seen Table 3-4.  
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Figure 3-8 XRD patterns of Y-TiO2 optimisation trial in comparison to a pure anatase phase 
 
Table 3-4 Lattice parameters of Y-TiO2 optimisation trials 
Sample 
Lattice Parameters 
a = b (Å) c (Å) Volume (x106 pm3) 
TiO2 3.7760 9.4860 135.25 
Y0.5 3.7705 9.4059 133.78 
Y1 3.7726 9.4066 133.88 
Y2 3.7790 9.4469 134.89 
Y1_500 3.7875 9.5181 136.54 
Y1_pH4 3.7845 9.5002 136.07 
Y1_pH11 3.7797 9.4907 135.59 
 
 
 
 
 57 
 
3.5.2 Scanning Electron Microscopy 
When reaction conditions are kept the same, but the dopant concentration is varied, a similar 
morphology to the 1% single doped samples can be observed, as shown by Figure 3.9A-B. The 
larger micron sized particles again consisting of small nanoparticles sintered together.  Figure 
3-8C-D are of 1% yttrium doped titania, calcined at 500 °C (Y1_500). It can be seen that while 
the higher calcination temperature did not impact on the phase that formed, it did form larger 
particles. It was difficult to distinguish the nano-sized building blocks, implying that sintering 
of the edges has increased.  This will impact the available surface area, which is likely to 
negatively impact the efficiency of the sample.  
 
 
 
 
 
Figure 3-9 SEM images of 1% Y-TiO2 at different gel pH values; pH 4 (A-B), pH 11 (C-D) 
1 µm 
1 µm 10 µm 
1 µm 
A      B 
 
 
 
 
 
C      D 
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µm 
µm 
µm 
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The pH of the aged gel has an effect on the morphology of the sample at the nano-scale. This 
is because excess H+ or OH- ions absorb onto the surface of the produced titania due to surface 
charge, terminating it. Interactive forces then impact on the formation of the sol and growth of 
the ‘polymer’. The isoelectric point of the gel is reported in literature to be between pH 5 and 
6.811. For example, at low pH there are less aggregates formed but larger particles as hydrolysis 
is restricted, terminating the reaction and keeping particles smaller. Higher pH values 
accelerates the hydrolysis stage forming larger particles. The calcination stage still leads to the 
formation of micron sized material.  
 
 
Figure 3-10 shows the morphology of the Y1_500 sample having greater sintering issues than 
the previous samples. The nano building blocks of the micron sized particles can be seen in 
Figure 3-9B. The increase in dopant concentraition does not appear to affect morphology over 
the 1 %, and 0.5 % doped samples. The Y2 sample showed similar morphogy to the 1% doped 
samples. The image here appears smoother due to the lack of resolution. 
 
 
A      B 
 
 
 
 
 
C       
Figure 3-10 SEM images of Y1_500 (A-B) and Y2 (C) both showing large agglomerates 
1 µm 
1 µm 
1 µm 
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3.5.3 UV-Visible Spectroscopy and Catalytic Testing 
The ultraviolet visible spectrum can be seen in Figure 3-11 and shows that there is visible 
absorption for all six samples. As expected, as the concentration of the Y dopant increases, the 
absorption in the visible range also increases. This also leads to a decrease in the band gap 
which can be seen in Table 3-5 and on Figure 3-12. The higher calcination temperature led to 
a sample with low absorbance in the visible region, in comparison to the other samples in the 
series. This may be due to the lower surface area of the samples resulting from a higher 
sintering rate. All samples produced using a calcination temperature of 400 °C have a shoulder 
of absorbance between 400 nm and 500 nm.   
 
 
Figure 3-11 Ultraviolet-Visible spectroscopy Y-TiO2 optimisation including gel pH variation and calcination temperatures  
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Figure 3-12 Tauc plots of Y-TiO2 optimisation including gel pH variation and calcination temperatures with example 
extrapolation lines 
Table 3-5 Calculated band gaps and catalysis testing results of Y-TiO2 optimisation 
 
 
 
 
 
 
 
The calculated band gaps for all samples vary by 0.03 eV so changes in the methylene blue 
removal rate is more likely to be due to absorption effects of methylene blue to the surface of 
the catalyst to allow for the catalytic break down to occur. The most efficient photocatalyst 
(Figure 3-11) in the degradation of methylene blue was found to be the 1% yttrium doped 
sample, with a gel formation at pH 8 and a calcination temperature of 400 °C. The low 
efficiency of the Y2 sample suggests a poor rate of adsorption to the surface of the catalyst as 
a result of poor morphology and the restriction in adsorption sites. 
Sample Band gap (eV) 
Methylene Blue removal 
in 48 hours (%) 
Y0.5 3.21 56 
Y1 3.21 70 
Y2 3.18 22 
Y_500 3.21 20 
Y_pH4 3.21 41 
Y_pH11 3.20 50 
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Figure 3-13 Catalysis testing of Y-TiO2 optimisation against MB over 48 hours 
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3.6 Co-doping titanium dioxide with yttrium 
With the optimal reaction conditions developed in the previous section, the co-doping of 
yttrium with the other rare earth elements is now investigated to improve the efficiency of 
methylene blue degradation from 70%. The concentration of both dopant elements were 
constant at 1 mol%. The XRD patterns for the yttrium co-doped samples can be seen in Figure 
3-12. For all six samples, the inclusion of a second dopant did not have an impact on the phase 
formed7. The XRD patterns showed that a pure anatase product was produced. Due to the 
increase in strain from the inclusion of the second dopant material, the (1 0 1) peak at ~ 25°2θ 
shifts to a high 2theta, which is particularly prominent in the Y1Nd1 and Y1Gd1 samples. The 
a and b parameters and cell volume for these samples, shown in Table 3-6, show an increase 
over the single doped Y1 sample which is to be expected. The XRD peaks are broad and low 
intensity, indicating low crystallinity or small particle size.  
 
Figure 3-6 XRD patterns of Y co-doped TiO2 in comparison to the pure anatase phase 
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Table 3-6 Lattice parameter calculations for yttrium co-doped TiO2 
Sample 
Lattice Parameters 
a = b (Å) c (Å) Volume (x106 pm3) 
TiO2 3.776 9.486 135.25 
Y1 3.773 9.407 133.88 
Y1Er1 3.790 9.502 136.48 
Y1Gd1 3.789 9.493 136.30 
Y1La1 3.791 9.499 136.49 
Y1Nd1 3.801 9.556 138.07 
Y1Pr1 3.777 9.485 135.34 
 
All yttrium co-doped samples exhibited the same morphology as the 1% titanium dioxide as 
seen in Figure 3-15. The larger micron sized particles form from the sintering of nano-sized 
particles which are seen in Figure 3-15A.  
 
Figure 3-75 SEM images of yttrium co-doped with praseodymium TiO2; Y1Pr1 (A) and Y1Nd1 (B) 
 
 
 
 
 
 
A      B 
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Figure 3-86 Ultraviolet-visible spectroscopy of yttrium co-doped TiO2 
 
Figure 3-97 Tauc plots of yttrium co-doped TiO2 with examples of extrapolated lines used to calculate the band gap; Y1Nd1 
in green and Y1Pr1 in red 
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The UV-Vis spectrum for the Y co-doped titania samples all have the shoulder of absorbance 
between 400 nm and 500 nm, characteristic of the RE doping carried out so far in this work 
(Figure 3-16). As with the single doped samples, characteristic peaks for Nd and Er are 
observed. There is still no shift in the key absorbance shoulder of TiO2 to the visible region, as 
indicated by the steep absorbance at 400 nm, so it is expected that there is little change to the 
band gap.   
The calculated band gaps are taken from the Tauc plot (Figure 3-17) and summarised in Table 
3-7 alongside the degradation of MB after 48 hours. The only sample that exhibits a lower band 
gap than Y1 (3.21 eV), is the Y1Gd1 sample at 3.18 eV. However, this sample is not as 
efficient, only removing 24% of methylene blue compared to the 70% of Y1. This is likely due 
to a fast recombination of holes and electrons, made possible by the inclusion of Gd. It may 
also be that the inclusion of this element has reduced the number of active sites for absorption 
so that degradation can occur. The catalyst with the highest activity for the degradation of 
methylene blue is the Y1Pr1 sample, degrading 86 % of the methylene blue, which is a 
significant improvement on the single doped system. This suggests that the holes and electrons 
that form on absorption of energy are kept apart and recombination is slowed. This is a 
significant improvement on the single Pr1 sample which only reached a degradation percentage 
of 27%. Figure 3-18 shows the catalytic activity of the samples. 
Table 3-7 Calculated band gaps and catalysis summary of yttrium co-doped samples 
Sample Band gap (eV) 
Methylene Blue degradation 
in 48 hours (%) 
Y1 3.21 70 
Y1Er1 3.24 46 
Y1Gd1 3.18 24 
Y1La1 3.21 18 
Y1Nd1 3.21 24 
Y1Pr1 3.24 86 
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Figure 3-10 Catalysis testing results of yttrium co-doped TiO2 against MB over 48 hours 
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3.7 Co-doping titanium dioxide with praseodymium  
Following on from the success of the of the Y1Pr1 co-doped system developed in the previous 
section that reached a methylene blue degradation of 86%, this section will explore the use of 
praseodymium as a co-dopant to increase the efficiency further. 
The XRD patterns for the praseodymium co-doped samples can be seen in Figure 3-16. The 
primary phase formed in all five samples was the anatase titanium dioxide phase. The inclusion 
of the second dopant did not appear to affect the phase formed7. As with the other samples, the 
crystal formation is slow as a result of the presence of the RE dopants leading to broad peaks 
with low intensity. Unlike the yttrium co-doped samples, most of the patterns do not show a 
shift in peak positions to a higher 2θ value with the exception of Er1Pr1. This is A summary 
of the calculated lattice cell parameters can be seen Table 3-8. An expansion in the unit cell 
volume can be seen across the co-doped samples in comparison to the single doped Pr1 sample 
with the exception of Gd1Pr1. 
 
 
Figure 3-19 XRD patterns of praseodymium co-doped samples with the pure anatase titania phase for comparison  
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Table 3-8 Calculated lattice parameters for praseodymium co-doped TiO2 
Sample 
Lattice Parameters 
a = b (Å) c (Å) Volume (x106 pm3) 
TiO2 3.776 9.486 135.25 
Pr1 3.779 9,493 135.59 
Y1Pr1 3.800 9.534 137.68 
Er1Pr1 3.791 9.504 136.56 
 Nd1Pr1 3.789 9.512 136.57 
La1Pr1 3.798 9.539 137.57 
Gd1Pr1 3.777 9.485 135.34 
 
 
 
Figure 3-2011 UV-vis spectra of praseodymium co-doped TiO2 
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As with the single doped samples, characteristic peaks for Nd and Er are observed. There is 
still no shift in the key absorbance shoulder of TiO2 to the visible region, as indicated by the 
steep absorbance at 400 nm, so it is expected that there is little change to the band gap.  A weak 
absorption peak can be seen around 600 nm indicating the 1D2 to 3H4 transition of 
praseodymium3. This peak is stronger in some samples indicating that there is an interaction 
happening between the two dopant ions (Figure 3-18).  It is possible that in the Nd1Pr1 sample 
the peak is shielded by the stronger f-f transition at 590 nm of 4I9/2 to 2K13/2. There seems to be 
a second peak that is a contribution from the praseodymium dopant around 447 nm.  
 
 
Figure 3-12 UV-vis spectra of praseodymium co-doped samples showing the visible absorbance 
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Figure 3-21 Tauc plots of praseodymium co-doped TiO2 and example extrapolation lines used to determine the band gap; 
Gd1Pr1 in purple and Nd1Pr1 in green 
Table 3-9 Calculated band gaps and catalysis testing summary of praseodymium co-doped samples 
 
 
 
 
Sample Band gap (eV) 
Methylene Blue removal 
(%) 
Er1Pr1 3.22 83 
Gd1Pr1 3.20 22 
La1Pr1 3.24 25 
Nd1Pr1 3.21 18 
Y1Pr1 3.22 86 
Y1 3.21 70 
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Figure 3-22 Catalysis testing of praseodymium co-doped samples against MB over 48 hours 
 
Figure 3-21 shows the Tauc plots used to calculate the band gaps which are summarised in 
Table 3-9. As with the other samples presented in this work, the band gaps of the produced 
samples are aroun 3.2 eV. The Y1Pr1 sample remains the most efficient sample in the 
degrading of methylene blue with 86 % removal. The Er1Pr1 sample is the only other catalyst 
that gets close to this with 83 % removal (Figure 3-19).  The efficiency of these two systems 
over the other systems presented is far superior. The Nd1Pr1 sample have a unique absorption 
in the visible region but appears to have hindered catalytic ability with only 18% of the MB 
solution having been degraded over 48 hours. This could be due to fast recombination of the 
produced electron and holes and to the fact that the band gap is not reduced to be activated by 
visible light only. All samples show an improvement in comparison to P25 removal rates and 
degradation of the solution under UV light only where 19% and 3% degradation over 48 hours 
was achieved respectively. 
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3.8 Post catalysis testing analysis 
As stated in Chapter 1, the post testing of the recovered catalyst is rarely reported. Visual 
checks and UV-vis analysis can be used to ensure absorbance of pollutants was not achieved 
over the preferential catalytic break down. This is an important stage and a simple test that can 
quickly be used to confirm a chemical change to the solution and that the lower absorbance of 
the methylene blue is due to the breakdown of the dye. Whilst absorption of the dye does 
remove the pollutant from solution, it is not a catalytic process. It renders the powder as an 
expensive sponge with a limited storage potential, and suggests the advanced oxidative 
reactions are not occurring.  
Post-test analysis was carried out on all recovered samples and in all cases adsorption of MB 
was not observed. Figure 3.20 shows the 1% yttrium doped titania sample before and after 
testing. If there was any absorbance of the methylene blue onto the catalyst, a characteristic 
peak would be found at 664 nm. This is representative of the other samples analysed in this 
section and confirms breakdown of the methylene blue over absorbance as an expensive 
sponge.  
 
 
Figure 3.133 UV-Vis spectrum of Y1 before and after testing as a photocatalyst against methylene blue  
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3. 9 Summary  
The work presented in this chapter shows the development of a successful rare earth doped 
titanium dioxide system. Initially a total of six single dopant systems were produced at a 1 mol% 
dopant concentration. The most efficient single doped catalyst was the yttrium doped titanium 
dioxide where a 70 % removal of MB was achieved. After optimisation of the single doped 
method, co-doped systems were developed. Initial work focussed on co-doping with yttrium at 
a 1:1 mol ratio with the co-dopant. The co-doping investigation was then extended to using 
praseodymium as the first dopant in the same 1:1 mol ratio. The most successful catalyst was 
the Y1Pr1 co-doped system which achieved an 86 % removal of MB over 48 hours. Testing of 
the catalyst on removal showed no visible staining as shown in the post test UV-vis spectra 
indicating that the decrease in MB concentration was from photocatalytic degradation and not 
a result of absorption by the material.  
This novel doped system has good potential for successful incorporation into water purification 
devices and mechanisms. Further work would need to be done to confirm the position of the 
dopant and the exact composition.  
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4 Titanium dioxide coated phosphor material 
4.1 Introduction  
In this chapter, the use of known up-converting phosphor materials in conjunction with the 
successful doped titanium dioxide system developed in the previous chapter is investigated. 
The praseodymium and yttrium co-doped titania system, which absorbs wavelengths in both 
the visible and ultraviolet region of the electromagnetic spectrum, may have a higher efficiency 
when combined with a second composite material such as known up-converting phosphors. 
These emit in the ultraviolet region under excitation with visible light. The efficiency of these 
are low so it is unlikely that any enhancements to the activity is due to the up-conversion of the 
phosphor but rather due to successful composites.  
Up-conversion refers to a system where two or more photons are sequentially absorbed and the 
following emission of a higher energy photon1. This largely relies on the intermediate excited 
state having a long lifetime and absorb over a long lifetime meaning lower power excitation 
sources, such as excitation from the sun, can be utilised. It also brings the possibility that the 
emitted UV photons can act independently as antibacterial agents2.  
4.2 Aim and Objectives  
The aim of this chapter was to utilise known up-converting phosphor materials with developed 
titania systems for use as a highly efficient photocatalyst. The objectives to achieve this were: 
 Produce several known up-converting phosphor systems and evaluate catalytic activity 
with the titanium dioxide standard, P25, against MB 
 Evaluate the titania-phosphor and phosphor-titania core shell materials for efficient 
catalysis  
 Develop the core shell system at variable ratios and optimise titania dopant 
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4.3 Phosphor optimisation with P25  
4.3.1 Materials and Production  
Yttrium silicate samples were produced using the method developed by Cates et al.3. Yttrium 
oxide (5.3 g, Y2O3) was converted to nitrate with the correct amount of praseodymium oxide 
(1 mol%, Pr6O11) by boiling in nitric acid in a 1:1 volume ratio with deionised water before 
being evaporated to dryness. Once dry, the nitrates were dissolved in ethanol (17.25 ml) and 
deionised water (5.4 ml). The appropriate amount of lithium carbonate (1 mol%,  Li2CO3) was 
added at this stage.  The stoichiometric amount of tetraethyl orthosicicate (TEOS) was added 
to the nitrate solution and stirred for 10 minutes. A clear gel formed when heated to 70 ˚C for 
an hour. This gel is then dried in the oven at 104 ˚C for 16 hours. The formed xerogel is then 
ground in a ball mill for 15 minutes before being placed in the furnace for three hours at 1000 
˚C (ramp rate = 8 ˚C/min). For the Pr, Gd, Li doped system, gadolinium oxide (X g, Gd2O3) 
was added at the same time as the praseodymium and yttrium oxides in order to produce the 
corresponding nitrates.  
Two zinc silicate phosphors were produced utilising different methods. A traditional solid state 
reaction was used for the first reaction where the starting materials were milled via a wet 
grinding method. Zinc oxide, silicon dioxide, gallium oxide and bismuth oxide were dispersed 
in ethanol and milled for 30 minutes in a ball mill. After drying, the milled powders were heated 
to 1300 ˚C for five hours (ramp rate = 5 ˚C/min).  
The second reaction used a sol gel method relying on tetraethyl orthosilicate (TEOS) at the 
silicon source. Zinc nitrate (1.334 g, Zn(NO3)2), preaseodynium oxide (0.0229 g, Pr6O11) and 
lithium carbonate (0.0008 g, Li2CO3) was dissolved in ethanol. The zinc and dopant solution 
is added dropwise to a TEOS solution in ethanol. Hydrochloric acid (0.2 mL, HCl) was added 
and stirred for 12 hours at 70 ˚C. The resultant gel was placed in the oven at 120 ˚C for 12 
hours before being calcined at 900 ˚C for two hours (ramp rate = 5 ˚C/min).   
The final phosphor system investigated used yttrium orthovanadate as the host material, doped 
with both ytterbium and erbium produced via a hydrothermal method. Yttrium oxide (0.2766 
g Y2O3), ytterbium oxide (0.0242 g, Yb2O3) and erbium oxide (0.0094 g, Er2O3) were converted 
to nitrates by boiling in nitric acid in a 1:1 volume ratio with deionised water and evaporated 
to dryness. The nitrates were dissolved in deionised water (40 mL) and heated to 80 ˚C. Citric 
acid (2.627 g) was added and stirred for 10 minutes. The pH was adjusted to 6 through dropwise 
addition of ammonium hydroxide. Ammonium metavanade (0.585 g, NH4VO3) was added and 
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stirred for an hour. The resulting solution was placed in a Teflon lined autoclave and heated to 
200 ˚C for 12 hours. Once cool, the resultant powder was filtered washed and dried before 
being calcined in the furnace at 800 ˚C for two hours (ramp rate = 5 ˚C/min).  
All resultant powders were milled in a ball mill for 15 minutes before being analysed using X-
ray diffraction (XRD), ultraviolet-visible spectroscopy (UV-Vis) and scanning electron 
microscopy (SEM). Phosphors were catalytically tested against methylene blue (MB), as 
outlined in Chapter 2, both as the bare phosphor and mixed with the titanium dioxide standard, 
P25. Table 4- outlines a summary of produced phosphors and the associated codes used going 
forward.  
 
Table 4-1 Summary of produced phosphors and coding used 
Host Dopant Production Code 
Y2SiO5 
Pr, Li Sol gel YSO-pl 
Pr, Gd, Li  Sol gel YSO-plg 
Zn2SiO4 
Ga, Bi Solid state  ZS-gb 
Y, Li Solid state ZS-yl 
Ga, Bi Sol gel sZS-gb 
Y, Li Sol gel sZS-yl 
YVO4 Yb, Er Hydrothermal YVO-ye 
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4.3.2 Results – Characterisation    
4.3.2.1 Yttrium Silicate  
Two different yttrium silicate potential phosphor materials were produced. The co-doped 
praseodymium and lithium sample (YSO-pl) and the co-doped praseodymium, lithium and 
gadolinium sample (YSO-plg). X-ray diffraction (XRD) patterns for the produced yttrium 
silicate samples are given in Figure 4-1 and indicates that the monoclinic yttrium silicate phase 
was produced.  
 
Figure 4-1 XRD patterns for the YSO phosphors showing a single phase monoclinic yttrium silicate; pure phase shown in grey 
for reference 
 
From the recorded patterns the unit cell parameters can be calculated and compared to the 
parameters found in literature (Table 4.2) 4. The effective ionic radius of ytrrium is 1.02 Å 
whilst gadolinium is 1.05 Å and praseodymium 1.12 Å, meaning you would expect an increase 
in lattice parameters as the dopants substitute into the lattice which is not observed. Instead the 
lattice parameters decrease. It is expected that the oxygen ions are substituted by lithium ions 
which are considerable smaller. It may be this that causes the decrease in lattice parameters. 
Another possibility is that the dopant lanthanides sit in interstitial sites rather than substituting 
into the lattice.  
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Table 4.2 Calculated lattice parameters of the Y2SiO5 phosphors 
Parameter YSO YSO-PL YSO-PLG 
a (Å) 9.014 8.972 8.939 
b (Å) 6.928 6.912 6.898 
c (Å) 6.643 6.634 6.627 
β (°) 106.682 106.543 106.484 
Cell volume  
(x106 pm3) 
397.38 394.34 392.87 
 
To determine the actual dopant concentration of the material, an XPS study was carried out. 
The survey confirmed the presence of Y, Si O and Pr. Lithium atoms are hard to identify at low 
concentrations due to their relatively small photoionisation cross-section. The single C 1s peak 
can be assigned to residual carbon from the sample being exposed to air and is unavoidable. 
The O 1s peak confirms the oxide nature of the product, however there is a slight shoulder to 
the peak which can also be attributed to residual oxygen from being exposed to air. The Pr 3d 
spectrum shows two peaks at 956.2 eV and 935.8 eV corresponding to the 3d3/2 and the 3d5/2 
spin orbits of Pr respectively. The satellite bands of Pr are characteristic of the Pr3+ state and 
can be seen as the shoulders on the peaks. The Si 2s peak at 103.8 eV is confirms the presence 
of the Si-O bond. Lithium atoms have low sensitivity on XPS so peaks are often low intensity. 
If the starting material was present, there would be an expected peak at 55.4 eV. As there has 
been a considerable shift to a higher binding energy, it suggests that the lithium ion is bonded 
to a heavier ion, such as yttrium or praesodynium. The Y 3d spectrum shows two peaks at 
160.2 eV and 162.0 eV corresponding to the 3d5/2 and the 3d3/2 spin orbits of Y respectively. 
The spectrum shows a preaseodynium doping of 1.27 at% and lithium at 0.67 at%. The O 1s 
peak lies in a similar position to what is found in the literature, supporting the confirmation of 
the Y2SiO5 structure5.  
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Figure 4-2 XPS spectra of YSO-pl samples; Pr 3d, Si 2s, O 1s, Li 1s and Y 3d 
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The SEM micrographs of the YSO-pl samples show a variety of morphologies present in the 
sample. This is likely a result of the calcination temperature required to get the sample into the 
correct phase. This high temperature synthesis allows for the sintering of small particles 
together to form larger micron sized particles. It should be noted that these samples were gold 
coated in order to view the morphology of the sample which is responsible for the smooth 
edges seen in image Figure 4-3A and B. The individual particles that sinter can be observed in 
Figure 4-3B and C. The shape is irregular which is likely to inhibit the photocatalytic activity 
of the composite. 
 
 
Figure 4-3 SEM images for YSO-pl 
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From the UV-vis spectrum (Figure 4-4), a significant absorbance in the visible region for both 
samples can be observed. From this, it cannot be confirmed that the material is up-converting 
but transitions characteristic of rare earth elements can be seen. The peaks at 450 nm, 476 nm 
and 487 nm are associated with the transitions from 3H4 to 3P2, 3P0 and 3P1 6. The peaks around 
601 nm are associated to the transition from 3H4 to 1D2 3. Gadolinium peaks are often around 
350 nm, meaning that peaks may be hidden due to the characteristic absorption of the host 
material. 
 
Figure 4-4 UV-Vis spectrum of Y2SiO5 phosphors showing a broad visible absorbance 
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4.3.2.2 Zinc Silicate  
Investigating two different production methods, with two different dopant systems, a total of 
four samples were made with zinc silicate as a host material. A traditional solid state method 
was initially used to prepare Zn2SiO4 – Ga, Bi (ZS-gb) and Zn2SiO4 – Y, Li (ZS-yl). 
Subsequently, a sol-del synthesis was used; Zn2SiO4 – Ga, Bi (sZS-gb) and Zn2SiO4 – Y, Li 
(sZS-yl). The X-ray diffractograms (Figure 4-5) show that neither production method produced 
a pure zinc silicate structure, indicating that the hexagonal zinc oxide is also present in the 
sample7,8. Both of the yttrium and lithium doped samples exhibit a lower crystallinity than their 
gallium and bismuth doped counterparts. This could be similar to the effect seen with rare earth 
dopants into the titania structure which limits the growth of crystals.  
 
Figure 4-5 XRD patterns for Zn2SiO4 based phosphors with pure zinc oxide (green) and zinc silicate (black) for reference 
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Figure 4-6 XPS spectra obtained for Zn2SiO4 based phosphors 
XPS (Figure 4-6) has confirmed that the products formed from the two different methods 
produced varying samples. The solid state method of production (ZS-yl) used zinc oxide and 
silicon oxide to produce zinc silicate. The Si 2p peak for the sample is at 103.6 eV, suggesting 
that the silicon did not change environment during production, as the peak for SiO2 can be 
found at 103.5 eV. However, the peak at 101.8 eV for the sol gel method corresponds to the 
silicon environment in zinc silicate. The Zn 2p XPS spectra confirmed the presence of zinc 
oxide in both samples. The asymmetric nature of these peaks suggest another zinc environment, 
likely to be from the zinc silicate phase present which is in a similar position to that of zinc 
oxide. The O 1s spectra for the solid state samples (ZS-yl) shows a strong peak corresponding 
to SiO2, further confirming the presence of unreacted material. Further evidenced by the peak 
at 530.8 eV which corresponds to unreacted zinc oxide. It is likely that any contribution from 
zinc silicate is of low intensity, and cannot be seen in this spectra. Contribution from the zinc 
silicate on the O 1s spectra can be seen for the sol gel sample, sZS-yl, at 531.2 eV. 
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Figure 4-7 SEM images of Zn2SiO4 based phosphors; (A-B) ZS-yl, (C-D) ZS-gb, (E-F) sZS-yl, (G-H) sZS-gb 
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From the SEM images presented in Figure 4-7 (A-D), the samples produced through the solid 
state method appear to be more regular in shape. It is likely that this is from the starting material 
which is still identified in the sample through XRD and XPS. It is possible that the zinc silicate 
phase is forming where sintering of the particles is happening at the edges, although it would 
be difficult to confirm this from the current analysis. Samples produced through the sol gel 
method exhibit more irregularity in shape, with larger porous micron sized particles formed 
from smaller particles as a result of the high temperature synthesis causing agglomeration to 
occur.  
 
 
Figure 4-8 UV-Vis spectra of solid state produced Zn2SiO4 based phosphors (ZS) 
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Figure 4-9 UV-Vis spectra of sol gel produced Zinc Silicate phosphors (sZS) 
 
Sol gel produced samples have a greater absorbance in the visible region. This is possible due 
to the successful formation of the zinc silicate. The solid state produced samples have unreacted 
material present, such as zinc oxide and silicon oxide, which have low visible absorbance.  
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4.3.2.3 Yttrium Vanadate  
The X-ray diffraction pattern of YVO4-Yb,Er (YVO-ye) shows that the pure tetragonal yttrium 
vanadate phase was produced (Figure 4-10). As seen in Table 4.3, there is an expansion in the 
a and b parameters of the unit cell suggesting increased strain on inclusion of the dopants in 
one direction9. The c parameter decrease, meaning the overall volume of the cell stays the same, 
The strain may also be a result of the nano size and shape of the produced particles.  
 
Figure 4-10 XRD pattern showing the single phase of YVO-ye with pure YVO in purple for reference  
Table 4.3 Calculated lattice parameters of YVO-ye 
Parameter YVO4 YVO-ye 
a = b (Å) 7.123 7.153 
c (Å) 6.292 6.244 
Cell volume  
(x106 pm3) 
319.24 319.46 
 
From the SEM images (Figure 4-11), we can see that the hydrothermal reaction produced ‘pom-
pom’ like structures approximately 2.5 µm wide. These images also indicated the presence of 
some large rod like structures present in the samples suggesting that these are important in the 
growth of the yttrium vanadate samples. It is not clear from this work if the rods are a precursor 
to the ‘pom-pom’ growth or it is what the ‘pom-pom’ particles grow into. To determine this, 
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the material would need to be made varying the time and temperature of the synthesis, which 
is not explored in this work but would be an interesting topic for future research.  
 
Figure 4-11 SEM images of the produced YVO-ye phosphor showing nanopom-pom like structures 
 
 
 
 
Figure 4-12 XPS spectra obtained for YVO-ye; Y 3d, O 1s and V 2p 
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The yttrium 3d spectrum identifies peaks at 157.6 and 159.6 eV corresponding to Y 3d5/2 and 
Y 3d3/2 respectively. These peaks are shifted compared to those in the literature, indicating that 
there are some defects in the structure from the dopants within in the material10.  The O 1s and 
V 2p spectra are very interesting as they contain multiple features. Starting with V 2p, there 
are two peaks representing V 2p3/2 and V 2p1/2 at 517.2 and 525.2 eV respectively. The 
asymmetric shape of the two peaks is likely to be due to two different oxidation states of 
vanadium present in the sample; V5+ and V4+δ 11. This indicates an oxygen deficiency from 
production or dopants present in the sample. The minor peak in the O 1s spectrum represents 
V 2p1/2.  Like the vanadium spectra, the peak is not asymmetric, further supporting the presence 
of two oxidation states.   
 
  
Figure 4-13 UV-Vis spectrum obtained for YVO-ye 
The sample produced was brown in colour so it would be expected to exhibit some visible 
absorbance. As seen in Figure 4-13, there is some absorbance, in particular there is a peak 
around 526 nm. This corresponds to the transition 4S3/2 to 4I15/2 of the Er3+ ion12. There is also 
a small contribution at 654 nm relating to the 4F9/2 to 4I15/2 transition of the Er3+ ion. 
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4.3.3 Results – Catalysis Testing 
The prepared phosphors were ball milled for 15 minutes at a 1:1 weight ratio with Degussa P25 
before being catalytically tested. The samples were also tested as the individual components to 
see the effect of the titania on the effectiveness of methylene blue removal under UV-filtered 
light.  
 
Figure 4-14 Catalysis test results of the bare upconverting phosphors and the P25 mix 
A methylene blue solution will degrade by 3% over the 48 hours of testing in this system. On 
the other hand, P25 will achieve a methylene blue degradation of 19%. In all tests demonstrated 
in Figure 4-14, the methylene blue degradation was improved in comparison to these. Only the 
YS-pl sample and YV-ye sample showed an improved degradation on addition of the P25. The 
zinc silicate samples are very effective but it is predominately the zinc silicate that is the active 
component. It is important to note that the recovered material was visibly blue, suggesting that 
absorption had occurred, not degradation. No staining, visible to the eye, was observed for the 
yttrium silicate and vanadate samples. From this point, this research will therefore focus on 
developing a suitable system for the Y2SO5-Pr, Li. 
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4.4 Coating of materials 
In order to achieve the optimal conditions and catalyst system, research was initially carried 
out using the yttrium silicate phosphor doped with praeseodynium and lithium (YSO-pl,  
Y2SiO5:Pr,Li) and the most efficient doped titanium dioxide system (TiO2-Pr,Y) developed in 
the previous chapter. The coating of titanium dioxide with the phosphor and vice versa at a 
ratio of 1:1 was the first stage of this investigation. With the phosphor requiring a higher 
calcination temperature than is required to achieve the correct phase of titanium dioxide (400 
˚C) there is likely to be a negative effect on the efficiency of the system.  
4.4.1 Materials and Production 
To coat the developed yttrium silicate system with titanium dioxide (TcP), the required amount 
of titanium chloride was added dropwise under constant stirring to deionised water in an ice 
bath. After stirring for 1 hour, the required amount of praseodymium oxide and yttrium oxide 
to achieve 1% of both dopants was added. The solution was then heated to 80 ˚C and stirred 
for 1 hour. Once cooled, the required amount of yttrium silicate was added to achieve the 
correct ratio. Under constant stirring, the pH was adjusted to 8 using ammonium hydroxide, 
and left to age for 16 hours. The resulting gel was filtered, washed with water and ethanol three 
times before being placed in the oven at 80 ˚C for 12 hours to dry. Once dry, the resultant 
powder was placed in an alumina crucible and heated to 400 ˚C at a ramp rate of 5 ˚C /min and 
maintained for 1 hour. Once cooled, the resultant coated material was placed in a ball mill and 
milled for 15 minutes.  
To coat titanium dioxide with the doped yttrium silicate system, the appropriate amount of 
yttium and praseodymium nitrates were produced from the respective oxides by boiling in nitric 
acid in a 1:1 volume ratio with deionised water before being evaporated to dryness (PcT). Once 
dry, the nitrates were dissolved in ethanol (5 ml) and deionised water (2 ml). The appropriate 
amount of lithium carbonate was added at this stage to achieve a 1% doping.  TEOS and the 
required amount of TiO2 – Pr, Y was added to the nitrate solution and stirred for 10 minutes. 
A clear gel formed when heated to 70 ˚C for an hour. The gel is then dried in the oven at 104 ˚C 
for 16 hours. The formed xerogel is then ground in a ball mill for 15 minutes before being 
placed in the furnace for three hours at 1000 ˚C (ramp rate = 8 ˚C/min). Once cooled, the final 
coated material was ball milled for 15 minutes. 
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4.4.2 Results – Optimised Methodology  
In this section, the mass ratio between Y2SiO5: Pr, Li (P) and TiO2: Pr, Y (T) is at 1:1. The 
code TcP refers to TiO2: Pr, Y coated Y2SiO5: Pr, Li with PcT being the opposite. The XRD 
patterns of the produced material vary greatly between the two coating methods as expected as 
peaks from the material that is being coated are lower intensity. The diffractogram for TcP 
shows fewer peaks contributing from Y2SiO5-Pr, Li and more peaks indicating an anatase 
titania phase. The PcT diffractogram shows the presence of a third phase not present in the TcP 
sample; identified as yttrium titanium oxide, Y2(Ti2O7) (triangles in Figure 4-15). This suggests 
that during the production the material degrades, likely as a result of the high temperature 
synthesis required to produce the known upconverting phosphor material, causing a reaction 
with the doped titania, causing a third phase to form. It is interesting to note that the titania 
identified in the product is in the anatase phase meaning the higher synthesis temperature 
required for the known phosphor did not lead to a conversion to the rutile phase. It is possible 
that this is a result of the restriction in phase formation from the inclusion of the rare earth 
dopants.  
 
Figure 4-15 XRD patterns for the two coating systems TcP and PcT; () indicating the Y2SiO5 phase, () indicating the 
Y2(Ti2O7) phase and () indicating the TiO2 phase   
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Figure 4-16 SEM images of TcP (A-B) and PcT (C-D) 
 
Figure 4-16 shows the some example morphologies of the produced materials. For both 
samples, larger sintered particles can be seen with high porosity levels. The phosphor coated 
system has the lowest absorbance of all samples in both the UV and visible region (Figure 4-
17). The characteristic praseodymium transitions can been seen but it is suggested that the 
formation of the yttrium titanium oxide in the sample has little activity in the visible region 
compared to the pure phosphor material. In contrast, the titanium dioxide coated system shows 
an increased activity in the visible region which should be an advantage for photocatalysis 
application, specifically in the removal of methylene blue from water. The band gaps for TcP 
and PcT are 3.19 eV and 3.22 eV respectively, signifying little change from the band gap of 
the pure TiO2: Pr, Y system of 3.21 eV (Figure 4-18).  
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Figure 4-17 UV-vis spectra of TcP and PcT 
 
Figure 4-18 Tauc plots of TcP and PcT and extrapolated lines 
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The two systems were tested for their photocatalytic ability against methylene blue over 48 
hours. The results can be seen in Figure 4-19. A methylene blue solution will degrade by 3% 
over the 48 hours of testing in this system and commercially available P25 will achieve a 
methylene blue degradation of 19%. Both samples are more effective than P25 and natural 
degradation of methylene blue. The PcT sample at first seems the most effective catalyst 
system. On recovery of the catalyst there is a visible staining of the methylene blue onto the 
sample, indicating that the sample has a highly porous structure, making it an ineffective 
catalyst. This highlights the need for post testing of the recovered catalyst as previously stated. 
The UV-Vis spectra in Figure 4-20A is of both recovered samples and it can be seen that there 
is a strong absorbance, characteristic of methylene blue. The visible staining can be seen in 
Figure 4-20C. This also explains the perceived degradation rate. There is a steep decline in 
methylene blue concentration over the first two hours (approximately 50%) and then little 
removal after this, indicating maximum absorbance before catalytic processes occurs. Whereas 
the TiO2 coated phosphor (TcP) system was a successful catalyst, not a sponge, as indicated by 
the lack of the MB peak in the UV-Vis of the recovered catalyst in Figure 4.20A.   
 
 
Figure 4-19 Catalysis testing results of two coating systems; TcP in blue, PcT in purple 
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Figure 4-20 UV-Vis soectra of recovered TcP and PcT samples (A), no visible staining of recovered TcP (B)  and visible 
staining of recovered PcT (C) 
 
From the experiments detailed so far it can be determined that the TcP coating system is the 
more successful. The next stage is to identify the best mass ratio between the phosphor and 
developed titanium dioxide system to have an improved catalytic effect.  
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4.4.3 Results – Optimisation of titanium dioxide coating ratio 
To identify the optimal ratio between the two components, five different phosphor titania (P:T) 
ratios were investigated, including  the original 1:1; 1:2, 2:1, 1:4 and 4:1. This was designed to 
see if an excess of one component was preferential to the system over the other, and if so, if 
that excess needed to be extreme or not. 
 
Figure 4-191 XRD patterns of TcP at various ratio of known phosphor to doped titania. Yttrium silicate and anatase titania 
peaks are identified 
 
The XRD patterns (Figure 4-21) confirm the presence of anatase titanium dioxide and 
monoclinic yttrium silicate in the sample, suggesting that the phosphor is not effected by the 
coating4,13. As would be expected, in the two samples where titanium dioxide is in excess, the 
yttrium silicate peaks cannot be seen or are of low intensity, due to peak interference. The 4:1 
sample is of very low intensity with broad peaks, compared to the other samples in the 
investigation. The low concentration of titanium dioxide present in the sample may be the 
contributing factor in this case as there may not be sufficient quantity or thickness to form a 
crystalline layer, leaving titanium dioxide present in the sample as an amorphous layer.  
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Figure 4-202  SEM images of TcP 2:1 
The morphology of the samples are very similar to that observed for the 1:1 sample. Larger 
micron sized particles have formed as a result of the high temperature calcination required to 
achieve the anatase titania phase. Figure 4-22B shows that these larger particles do consist of 
highly agglomerated nano-sized blocks.  
 
  
4-23 UV-VIs spectra of TcP at various known phosphor to doped titania ratios 
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4-24 Tauc plots with extrapolated lines of TcP at various known phosphor to doped titania ratios 
 
There is a significant absorbance in the visible region for all four samples. As with the 1:1 ratio, 
the transitions that are characteristic of praseodymium can be seen in the UV-Vis spectrum 
(Figure 4-24). The calculated band gaps can be seen in Table 4-4.  
 
Table 4-4 Calculated band gaps and catalysis testing results for TcP samples of varying ratios  
Sample Band gap (eV) 
Methylene blue degradation 
after 48 hours (%) 
1:1 3.19 40 
1:2 3.09 83 
2:1 3.17 94 
1:4 3.20 35 
4:1 3.16 53 
MB - 3 
P25 3.21 19 
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The catalytic testing results can be seen in Figure 4-23 and summarised in Table 4.4. The most 
effective samples were where one of the components was in a slight excess. The sample with 
the lowest calculated band gap was at a 1:2 ratio and exhibited the second highest degradation 
rate in the catalytic test. The best removal rate was where the phosphor to titania ratio is 2:1 
with 94% of the MB degraded in solution over the 48 hours. The success of the developed TcP 
composite is likely due to a compatibility between the two phases, successful charge transfer 
or the produced electrons and holes and a good electrostatic attraction to the dye, allowing 
degradation to occur. Where one component of the composite is in significant excess ie the 1:4 
and 4:1 samples, the degradation of MB appears to be inhibited in comparison to the 1:2 and 
2:1 samples. For the 4:1 sample, the result could be explained by looking at the XRD (Figure 
4-21). The titania layer was not crystalline, presenting as an amorphous layer.  
The shapes of the curves of degradation (Figure 4-23) are also interesting. The degradation of 
MB using the 1:2 TcP sample occurs rapidly at first but slows after 5 hours. However, the 2:1 
sample takes longer to activate in comparison and if the rate of degradation continues at the 
same pace then the complete degradation may occur in just over 50 hours.  
 
 
Figure 4-25 Catalysis testing results against MB over 48 hours of TcP at various known phosphor to doped titania ratios  
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4.4.4 Results – Optimisation of titanium dioxide dopant  
It has been established that for the TiO2-Pr, Y (T) coated Y2SiO5 – Pr, Li (P) system, the most 
efficient mass ratio for methylene blue removal is at 2:1 (P:T). From this, an investigation in 
the titania dopant was implemented. Using the work developed in Chapter 3, it is known that 
the TiO2 – Pr, Er and TiO2 – Y catalysts had a MB degradation efficiency of 82 % and 70 % 
respectively. It is predicted that this efficiency will increase when used to coat Y2SiO5 – Pr, Li. 
The XRD patterns shown in Figure 4.26 are dominated by the titanium dioxide anatase 
peaks4,13. The peaks are low intensity and broad, indicating the sample has low crystallinity or 
that the produced material is nano in size.  
 
Figure 4-26 XRD patterns of YSO:TiO2-PrEr and YSO:TiO2-Y 
 
The SEM images shown in Figure 4.27 are similar in morphology to the YSO:TiO2-PrY 
samples. The sintering of smaller nano particles leads to the formation of larger micron sized 
samples. The component nano sized particles are less observable for these samples as smoother 
micron sized particles were observed. For these samples, images were difficult to obtain due 
to charging of the material under the electron beam.  
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Figure 4-21 SEM images of YSO:TiO2-PrEr (A-B) and YSO:TiO2-Y (C-D) 
 
 
Figure 4-28 UV-vis spectra of titanium dioxide dopant variation 
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Figure 4-29 Tauc plots and extrapolated lines of titanium dioxide dopant variation 
 
The characteristic erbium peaks from f-f transitions can be seen in Figure 4-26. The dominant 
peak at 526 nm is the transition from 4I15/2 to 2H11/2. There is a significant absorbance of the 
YSO:TiO2-Y sample is the visible region, but the calculated band gap is not lower than that of 
the YSO:TiO2-Pr,Y core-shell structure at 3.18 eV (Table 4-5).  
Table 4-5 Band gap calculations and catalysis testing results of TiO2 dopant variation 
Sample Band gap 
(eV) 
Methylene blue degradation 
after 48 hours (%) 
YSO:TiO2-Pr,Y 3.17 94 
YSO:TiO2-Pr,Er 3.24 48 
YSO:TiO2-Y 3.22 37 
MB - 3 
P25 3.21 19 
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Figure 4-30 Catalysis testing results of TiO2 dopant variation against MB over 48 hours 
 
 
The catalytic testing results showed that variation in the titania doping led to a decrease in 
efficiency of the phosphor core titania shell system (Figure 4-30). The doped yttrium silicate 
system appears to aid in the degradation of MB when coated with TiO2-PrY, suggesting that 
there may be successful photon transfer between the two materials, if the efficiency of up-
conversion was sufficient. It is most likely that the two materials are working successfully as a 
composite. However, on variation of the titania dopant, the inclusion of the known phosphor 
core reduces the efficiency, below the levels of the doped titania on its own.  
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4.4.5 Results – Application of an alternative phosphor  
The work presented in this chapter so far focusses on the development of a successful doped 
titania coating of the yttrium silicate phosphor. As observed in the original broad scan of known 
up-converting phosphors, yttrium vanadate doped with ytterbium and erbium showed an 
increased methylene blue degradation when combined with the commercially available titania 
standard, P25. This section explores the combination of the optimised method developed so far 
with a second phosphor. Figure 4-31 shows the resultant XRD with varying titania dopants9,13. 
Sharp crystalline peaks from the yttrium vanadate phase are observed and appears to be 
unaffected by the process. Broad peaks are observed for the titania phase. It should be reiterated 
that these peaks are broader due to the restriction in crystalline growth of the titania phase 
through the inclusion of rare earth ions.  
 
Figure 4-31 XRD patterns of titania coated yttrium vanadate with different titania dopants; peaks identified. 
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Figure 4-32 SEM images of YVO:TiO2-PrEr (A-B), YVO:TiO2-PrY (C-D) and YVO:TiO2-Y (E-F) 
The SEM images are shown in Figure 4-29. Similar to the yttrium silicate samples, larger 
micron sized particles have been formed from the sintering of nano particles. However, the 
observed building blocks of the micron particles are more spherical in shape than their yttrium 
silicate counterparts which are more rod like in shape. This may be due to the influence on 
yttrium vanadate on the chemistry of the solution which is affecting the titania crystal growth.  
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Figure 4-33 UV-Vis spectrum of YVO:TiO2 samples 
 
Figure 4-34 Tauc plots and extrapolated line of YVO:TiO2 samples 
 
As shown in Figure 4-31, there is a considerable enhancement in the visible absorbance of the 
core-shell phosphor titania samples over the phosphor on its own. These samples are brown in 
colour, so the enhanced visible absorbance is expected. This is reflected in the significant 
reduction in the calculated band gap which goes below 3 eV for all three samples as calculated 
from the Tauc plots in Figure 4-34. This can be seen summarised in Table 4-6 
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Table 4-6 Summary of YVO:TiO2 samples 
Sample Band gap (eV) 
Methylene blue degradation 
in 48 hours (%) 
YVO-TiO2: Pr Y 2.95 34 
YVO-TiO2: Pr Er 2.99 45 
YVO-TiO2: Y 2.93 36 
YVO - 48 
MB - 3 
P25 3.21 19 
 
 
Figure 4-22 Catalysis testing results of YVO4 coated with doped TiO2 against MB over 48 hours 
As seen by the summarised results in Table 4-6 and Figure 4-31, methylene blue removal was 
inhibited by the inclusion of the titania coating. Due to the low efficiencies of the up-
conversion, it is most likely that the lower activities of this material is due to incompatibilities 
between the known phosphor and the titania coating. This may be due to inefficient charge 
separation and transfer between the produced electrons and holes within the composite 
material. The coating system developed was optimised for the coating of yttrium silicate and 
titanium dioxide. It may be that greater MB removal rates can be achieved for coated yttrium 
vanadate with specific optimisation, or with different titanium dioxide dopants.  
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4.5 Summary 
In conclusion the work carried out in this chapter shows the successful development of a 
phosphor core titania shell composite. Variations of the ratio and titania dopants were used to 
determine the most successful composite. A MB degradation of 94 % was recorded for the 
Y2SiO5-Pr, Li:TiO2-PrY system at a 2:1 ratio over 48 hours. Changes in the titania dopant led 
to a decreased efficiency of the system, and hindered the catalytic activity of the doped titania 
when compared to the singular parts.   
Initial tests on the coating of titanium dioxide with the phosphor system was carried out. This 
system was chosen not to be developed due to issues with methylene blue staining and the 
development of a third phase in the material.  
This novel titanium dioxide coating of known phosphor materials could lead to future testing 
not only against model pollutants but also as an antibacterial product. Further optimisation of 
this work by including other known phosphor materials could lead to higher efficiency systems 
with a shorter degradation time.  
  
 111 
 
4.6 References  
1 E. L. Cates, S. L. Chinnapongse, J. H. Kim and J. H. Kim, Environ. Sci. Technol., 2012, 
46, 12316–12328. 
2 E. L. Cates, M. Cho and J. H. Kim, Environ. Sci. Technol., 2011, 45, 3680–3686. 
3 S. L. Cates, E. L. Cates, M. Cho and J. H. Kim, Environ. Sci. Technol., 2014, 48, 2290–
2297. 
4 I. Johnson., Am. Mineral.,1968, 53, 1940. 
5 E. Coetsee, J. J. Terblans and H. C. Swart, Appl. Surf. Sci., 2010, 256, 6641–6648. 
6 K. M. Ali, F. M.; El-Mahalawy, A. M.; Abd El-Kader, Adv. Civil, Environ. Mater. Res. 
(ACEM’ 12), 2012, 3445–3454. 
7 Albertsson, J., Abrahams, S.C., Kvick, A., Acta Crystallogr., Sec. B: Structural Science, 
1989, 45, 34 
8         McMurdie, H., Morris, M., Evans, E., Paretzkin, B., Wong-Ng, W., Hubbard, C., Powder  
 
         Diffraction, 1968, 1, 274. 
 
9 Baglio, J.A., Sovers, O.J., J. Solid State Chem., 1971 3, 458. 
10 G. Pan, H. Song, X. Bai, L. Fan, H. Yu, Q. Dai, B. Dong, R. Qin, S. Li, S. Lu, X. Ren 
and H. Zhao, 2007, 12472–12477. 
11 M. Kruczek, E. Talik, H. Sakowska, W. Szyrski, Z. Ujma and D. Skrzypek, J. Cryst. 
Growth, 2005, 275, 1715–1720. 
12 X. Wu, S. Yin, Q. Dong, B. Liu, Y. Wang, T. Sekino, S. W. Lee and T. Sato, Sci. Rep., 
2013, 3, 1–8. 
13 Weiser, M., J. Phys. Chem., 1934, 38, 517. 
 
 
 
 
 112 
 
5 Zinc Oxide Incorporation 
5.1 Introduction  
In this section the incorporation of zinc oxide with the already produced materials from Chapter 
3 and 4 is explored. Pure zinc oxide as well as a doped zinc oxide will be investigated as coating 
materials. The doping system used for zinc oxide will be the same as the successful system 
developed for titanium dioxide. Zinc oxide can also act as an AOP as it is a semiconductor with 
a band gap of 3.27 eV but research has been limited by dissolution at extreme pH1. Doping 
with both cationic and anionic dopants has been successful2–4. As focus shifts to the 
incorporation of rare earth ions into the ZnO lattice. Of particular interest has been the inclusion 
of neodymium and europium.  
Efforts to combine titanium dioxide and zinc oxide have led to mixed results. Some reports 
show the formation of a third zinc titanate phase as a result of the acidic sol required to produce 
titanium dioxide5. This would not be an issue if coating of formed titanium dioxide with zinc 
oxide were to occur. However, successful combination had been achieved by thin film coating 
and hydrothermal reaction. 
5.2 Aim and Objectives  
The key aim of the work presented in this chapter is the development of a successful zinc oxide 
coated material. To achieve this: 
 Pure zinc oxide will be used to coat the successful titanium dioxide system (TiO2-
Pr,Y), the bare phosphor (Y2SiO5-Pr, Li) and the coated material developed in Chapter 
4 (TiO2-Pr,Y:Y2SiO5-Pr, Li) 
 Zinc oxide doped with 1% praseodymium and 1% yttrium will be used to coat the 
successful titanium dioxide system (TiO2-Pr,Y), the bare phosphor (Y2SiO5-Pr, Li) and 
the coated material developed in Chapter 4 (TiO2-Pr,Y:Y2SiO5-Pr, Li) 
 Produced materials will be made at three different mass ratios and evaluated against 
the degradation of methylene blue  
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5.3 Materials and Production 
Un-doped zinc oxide was produced by dissolving the appropriate amount of zinc nitrate 
(Zn(NO3)2) in water and stirred for 30 minutes to ensure full dissolution
6. Doped titanium 
dioxide (0.1 g, TiO2-Pr,Y) was added to the solution and stirred for 10 minutes. An aqueous 
solution of sodium hydroxide (4 M, NaOH) was added dropwise under continuous stirring until 
the pH reached 9 and precipitation occurred. The resultant solution was stirred for one hour 
and aged overnight. The formed powder was filtered, washed three times with water and then 
ethanol and dried in an oven at 80 °C. The dry powder was calcined at 400 °C for two hours 
(ramp rate = 5 °C/min). To coat the known phosphor and TcP material, the same method was 
used, adding 0.1 g of each in place of the doped titanium dioxide.  
Doped zinc oxide samples were produced in a similar way. The appropriate amout of the 
relevant dopant oxides, praseodymium oxide (Pr6O11) and yttrium oxide (Y2O3) was added to 
nitric acid in a 1:1 ratio with water. The solutions were stirred vigorously and heated to 80 °C 
until evaporated to dryness, leaving the nitrates behind as a green gel. The reaction then 
followed as above.  
The code ZX will be given for undoped zinc oxide coatings, with the X referring to the coated 
material; T for TiO2-Pr,Y, P represents Y2SiO5-Pr, Li and C represents the titania coated 
phosphor, TiO2-Pr,Y: Y2SiO5-Pr, Li. The Z refers to the doping of zinc oxide; u represents 
undoped and d represents doped zinc oxide. For the doped zinc oxide coatings, the code will 
be given as dZX. Ratios are in a zinc oxide to X format. 
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5.4 Un-doped Zinc Oxide Coating 
5.4.1 Coating of TiO2-Pr, Y 
Pure zinc oxide is used to coat the optimised titanium dioxide developed in Chapter 3. The 
produced X-ray diffractograms of each sample can be seen in Figure 5-1. Peaks are present for 
both the anatase titanium dioxide phase and the hexagonal zinc oxide phase7,8. As would be 
expected, there are more peaks assigned to the titania phase where it is in excess to the zinc 
oxide phase (ZT 1:2) which potentially mask those from the zinc oxide. The same principle 
applies to the ZT 2:1 samples, where zinc oxide is in excess, masking some of the titania peaks. 
The anatase titanium dioxide phase has a peak at 48.064 ⁰2θ, which is identified in the ZT 1:2 
sample at 48.135 ⁰2θ. However, zinc oxide presents a peak at 47.540 ⁰2θ which is identified in 
the ZT 2:1 sample at 47.706 ⁰2θ. This can explain the pattern produced by the ZT 1:1 where 
two overlapping peaks can be seen around 48 ⁰2θ. From these results, we can confirm that both 
materials are present but cannot confirm that the zinc oxide is successfully coating the doped 
titanium dioxide or if it is just a mix of the two. For the uZT 1:1 sample, there are three sharp 
peaks 28 ⁰2θ , 47 ⁰2θ and 56 ⁰2θ that are unique, not easily identified and did not match known 
patterns for the starting material or titanium dioxide. It is possible that it is an intermediate 
product, such as zinc hydroxide nitrate (Zn5(NO3)2(OH)8), suggesting that the reaction was not 
complete.  
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Figure 5-1 XRD patterns of uZT samples with pure anatase titania and zinc oxide 
 
Scanning electron microscopy (SEM) images show the presence of larger micron sized 
materials with thin ‘plate-like’ structures on the surface (Figure 5-2). It is thought that these 
plate like materials are the zinc oxide component of the material as they were not present on 
the sample before coating. The ‘plate-like’ structures may be beneficial in photocatalytic 
reactions due to an increase in surface area. In order to confirm the coating by zinc oxide of 
doped titanium dioxide, energy dispersive x-ray (EDX) analysis was carried out. The grey 
image in Figure 5-2C is the area that was analysed. As seen in Figure 5-2D and E, both titanium 
and zinc was identified in the same section. This strongly suggests that the coating was 
successful. 
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Figure 5-2 SEM images of uZT 1-1 (A-B) and EDX mapping; grey scale image (C), Ti mapping in green (D), Zn mapping in blue 
(E) and spectrum from sample 
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Figure 5-3 XPS analysis of uZT 1-1; Zn 2p3/2, Ti 2p, Y 3d, O1s 
X-ray photoelectron spectroscopy (XPS) was carried out on the uZT 1-1 sample to confirm the 
elemental composition of the samples. The Zn 2p3/2 is asymmetric indicating more than one 
zinc environment. This is confirmed with the XRD of the 1:1 sample (Figure 5-1) where an 
intermediate zinc hydroxide nitrate phase was identified. To confirm this the peaks would need 
to be resolved to see the overlapping peaks. The key binding energy at 1021.58 eV indicates 
that zinc is present in the sample as zinc oxide. The Ti 2p spectrum also confirms the presence 
of titanium dioxide with the two spin orbit peaks for Ti 2p1/2 and 2p3/2 at 464.28 eV and 458.58 
eV. The peak for Ti 2p1/2 is shorter and broader than the 2p3/2 and this is due to the Coster-
Kronig effect whereby the 2p1/2 is short lived
9. This suggests that the process of coating with 
zinc oxide does not cause an unwanted reaction with the added titania. The peak for Y 3d is 
small and not well defined, possibly due its low concentration and the fact that it is not at the 
surface of the sample, a limitation of the method. The doublet in the peak can still be observed, 
with the Y 3d3/2 and Y 3d5/2 peaks respectively shown at 159.78 eV and 157.98 eV respectively. 
The spectrum for oxygen is interesting as there are two different oxygen environments present 
in the sample from the zinc oxide and titanium dioxide components forming an overlap of the 
peaks. The shoulder of the peak at higher binding energies indicates oxygen in a zinc oxide 
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environment, and the larger peak is the contribution from the titania core. There is a slight peak 
around 536 eV which is the Na KLL Auger peak.  
 
Figure 5-4 UV-vis spectra of uZT samples 
 
Figure 5-5 Tauc plots of uZT samples with extrapolation lines used to calculated the band gap 
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For all three samples the there is some absorbance in the visible region, with the sample 
containing the least zinc oxide being the most active in the visible region. This may be due to 
the thickness of the zinc oxide coating on the material, preventing light from getting to the 
active titanium dioxide core. Zinc oxide has a wide band gap between 3.2 eV and 3.4 eV10. The 
samples have a lower band gap than their pure counterparts, as well as the TiO2:Pr,Y sample 
which has a band gap of 3.21 eV. Whilst the band gap lowering does not signify an active 
catalyst as recombination rates are not explored, it does give a good indication that it will be 
active in the visible region.  
Table 5-1 Calculated band gaps and catalyst test results for uZT 
Sample Band gap (eV) 
Methylene blue degradation 
over 48 hours (%) 
uZT 1:2 3.16 71 
uZT 1:1 3.20 42 
uZT 2:1 3.20 57 
ZnO 3.27 40 
TiO2:Pr, Y 3.21 82 
 
 
Table 5-1 and Figure 5-6 summarises the degradation of methylene blue for each of the three 
undoped zinc oxide samples over 48 hours. The coated samples have a higher activity than the 
pure zinc oxide sample, but the composite shows no improvement catalytically over the 
TiO2:Pr, Y samples. This lower activity could be due to poor composite match allowing faster 
recombination rather than promoting charge separation. Another possibility is that MB has 
poor absorption of methylene blue to the surface of the catalyst, limiting the activity.  
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Figure 5-5 Catalysis testing of uZT samples against MB over 48 hours 
 
5.4.2 Coating of Y2SiO5 
Pure zinc oxide was used to coat the most active phosphor against MB that was investigated in 
Chapter 4. The produced X-ray diffractograms of each sample can be seen in Figure 5.7. Peaks 
are present for both the monoclinic yttrium silicate phase and the hexagonal zinc oxide 
phase7,11. As would be expected, there are more peaks assigned to the monoclinic phase of 
yttrium silicate where it is in excess to the zinc oxide phase (uZP 1:2). The same principle 
applies to the uZP 2:1 samples, where zinc oxide is in excess, masking some of the yttrium 
silicate peaks. 
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Figure 5-7 XRD patterns of uZP samples, pure zinc oxide and yttrium silicate 
 
As with the uZT samples, SEM images show the presence of larger micron sized materials 
coated with thin ‘plate-like’ structures of zinc oxide on the surface. The plate like zinc oxide 
will have a large surface area. In Figure 5.8A, it does not appear that zinc oxide covers the 
whole surface of the phosphor but this is just one small area and may not be representative of 
the whole sample. In order to confirm the coating by zinc oxide of the yttrium silicate material, 
EDX analysis was carried out. The grey image in Figure 5.8C is the area that was analysed. As 
seen in Figure 5.8D-F, zinc was identified in the same section as the main elements from the 
phosphor of yttrium and silicon. From this, there is a strong suggestion that the coating was 
successful.  
 
 122 
 
 
Figure 5-8 SEM images of uZP1-1 (A-B) and EDX mapping; grey scale image (C), Zn mapping in blue (D), Y mapping in yellow 
(E), Si mapping in pink (F) 
 
A      B 
 
 
 
 
 
C      D 
 
 
 
 
 
E      F 
1 µm 1 µm 
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Figure 5-9 XPS analysis of uZP samples; Zn 2p3/2, Y 3d, Si 2p, O1s 
X-ray photoelectron spectroscopy (XPS) was carried out of the uZP 1:1 sample to confirm the 
elemental composition of the samples. The position of the zinc 2p3/2 peak indicates that there 
is only one zinc environment present. The binding energy at 1021.38 eV indicates that it is 
present in the form of zinc oxide, confirming the information gained from the XRD. The Y3d 
spectra shows the two spin orbits of yttrium at 159.58 eV and 157 eV corresponding to 3d5/2 
and the 3d3/2 orbit respectively. As before, the lithium atoms were not identified due to the 
limitation of this method when lithium is in low concentrations. The asymmetric Si 2p peak 
forms as a result of an overlap of the two spin orbit states. The two peaks confirm the presence 
of Si-O.  The spectrum for oxygen is interesting as there are two different oxygen environments 
present in the sample from the zinc oxide and yttrium silicate core causing an overlap of the 
peaks as they have similar binding energies12. It is this that causes the asymmetric nature of the 
peak. The small peak at higher binding energies is the Na KLL Auger peak from contamination 
in preparing the sample.  
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Figure 5-10 UV-vis spectra of uZP samples 
 
Figure 5-11 Tauc Plots of the uZP samples and extrapolation lines used to calculate band gaps  
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For all three samples there is some absorbance in the visible region, with the sample containing 
the least zinc oxide being the most active in the visible region. This may be due to the thickness 
of the zinc oxide coating on the material, preventing light from getting to the known phosphor 
core. The samples have a lower band gap than their pure counterparts, as well as the TiO2:Pr,Y 
sample which has a band gap of 3.21 eV.  
Table 5-2 Calculated band gaps and catalysis testing summary 
Sample Band gap (eV) 
Methylene blue degradation 
over 48 hours (%) 
uZP 1:2 3.17 38 
uZP 1:1 3.17 37 
uZP 2:1 3.19 39 
ZnO 3.27 40 
Y2SiO5: Pr, Li - 35 
 
 
Figure 5-62 Catalysis testing of uZP samples against MB over 48 hours 
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Table 5-2 and Figure 5-12 summarises the degradation of methylene blue for each of the three 
undoped zinc oxide coated phosphor samples over 48 hours. This is still an improvement over 
the commercially available P25 material which, under the same conditions, degraded the 
methylene blue solution by 19% as reported in earlier chapters. The coated samples have a 
lower activity than the pure zinc oxide samples. There is a slight improvement in activity from 
the pure phosphor. This lower activity indicates a poor composite match which may promote a 
quick recombination of the formed electrons and holes and inefficient charge separation. It may 
also be a result of poor absorption of the MB to the surface of the catalyst, limiting degradation 
and access to the formed electrons and holes. It is not as efficient as the successful core-shell 
structure developed in Chapter 4 whereby the known up-converting phosphor was coated with 
TiO2-PrY.   
 
5.4.3 Coating of Titania coated Y2SiO5 
Pure zinc oxide was used as a second coating on the developed titania coated potential up-
converting phosphor that was developed in Chapter 4. The produced X-ray diffractograms of 
each sample can be seen in Figure 5-13. Peaks are present for all three structures, indicating 
that the coating process has not affected the core-shell titania-phosphor structure7,8,11. The 
pattern obtained for the uZC 2:1 sample is dominated by zinc oxide peaks. This would be 
expected due to the ‘thicker’ coating obtained with a greater mass ratio. However, the pattern 
for sample uZC 1:2 does not have many defined peaks. This is potentially due to a ‘thin’ zinc 
oxide layer on the sample, restricting the growth of the crystalline phase.  
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Figure 5-7 XRD patterns of uZC samples, anatase titanium dioxide, zinc oxide and  yttrium silicate 
 
As with the previous samples, the SEM images show the presence of large micron-sized 
materials decorated with thin ‘plate-like’ structures assumed to be zinc oxide on the surface. 
These plate like structures are less visible in the uZC samples than previously. As the known 
phosphor is already coated, the addition of the zinc oxide creates a second ‘shell’ layer. It is 
likely that these materials have a larger surface area, although this cannot be said with certainty 
without further analysis using nitrogen adsorption tests. The presumed larger surface area will 
mean that the zinc oxide has a greater area to cover, meaning that it may be difficult to form 
prominent crystals. The grey image in Figure 5.14C is the area that was analysed for EDX 
analysis. As seen in Figure 5.14D-F, zinc was identified in the same section as titanium and 
yttrium, indicating successful coating.  
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C      D 
 
 
 
 
 
E      F 
Figure 5-8 SEM images of uZC1-1 (A-B) and EDX mapping; grey scale image (C),Ti mapping in green (D), Zn mapping in 
blue (E), Y mapping in yellow (F) 
1 µm 1 µm 
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Figure 4-9 X-ray photoelectron spectroscopy analysis of the uZC 1:1 sample; Zn 2p3/2, Ti 2p, Y 3d, O1s 
 
X-ray photoelectron spectroscopy (XPS) was carried out of the uZC 1:1 sample to confirm the 
elemental composition of the samples (Figure 4-15). The position of the Zn 2p3/2 peak indicates 
that there is only one zinc environment present as zinc oxide. The Y3d spectra shows the two 
spin orbits of yttrium at 159.48 eV and 157.48 eV corresponding to 3d5/2 and the 3d3/2 orbit 
respectively. The peaks are likely to be from the titanium dioxide shell on the known up-
converting phosphor core rather than the core due to a depth limitation of the method. The 
peaks are sharp which may be due to a better scat or more yttrium environments closer to the 
surface, indicating incomplete coverage of the ZnO coating. This would be expected the 
coating is calculated as a mass ratio not molar ratio, and the already coated system of TcP 
would be expected to have a larger surface area than the individual components.  
The Ti 2p spectrum confirms the presence of titanium dioxide with the two spin orbit peaks for 
Ti 2p1/2 and 2p3/2 at 464.48 eV and 458.58 eV, demonstrating no degradation of during 
synthesis. Initial inspection of the oxygen spectrum suggests that there are three different 
oxygen environments. These could represent each of the three components of the core-shell-
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shell structure causing peak overlap. However, with the limited sampling depth of XPS this is 
unlikely. In fact, the small peak at 535.48 eV is most likely the Na KLL peak. Sodium may be 
present on the sample from contamination during preparation for analysis and does not 
necessarily indicate contamination from the reaction process. The main O1s peak is in a similar 
position of the uZT samples seen in Figure 5-3, suggesting that it is dominated by oxygens 
from the two shells of doped titanium dioxide and undoped zinc oxide. Whilst two peaks are 
shown to overlap in the uZP sample, contribution from the oxygens of the known up-converting 
phosphor core were unlikely to be seen through XPS analysis. This is because the core oxygens 
are likely to be shielded from detection by XPS analysis due to the limitations of the method. 
This is further supported from the lack of silicon 2p detected.  
 
 
Figure 5-16 UV vis spectra of uZC samples 
 
For all three samples there is some absorbance in the visible region as shown in Figure 5-16. 
All three of the spectra are very similar, as reflected in the calculated band gaps calculated from 
the Tauc Plots in Figure 5-17. There is a suppression of the visible light absorbance of the 
doped titania coated known up-converting phosphor core (TcP) but some characteristic peaks 
can be seen between 450 nm and 475 nm. The band gaps have not been affected by the addition 
of the zinc oxide layer as shown in Table 5-3.  
 131 
 
 
Figure 5-17 Tauc Plots of  uZC samples and extrapolated lines used to calculate band gaps 
 
Table 5-3 Calculated band gaps and catalysis testing summary of uZC samples 
Sample Band gap (eV) 
Methylene blue degradation after 
48 hours (%) 
uZC 1:2 3.18 100 
uZC 1:1 3.19 100 
uZC 2:1 3.18 69 
ZnO 3.27 40 
TcP 3.18 94 
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Figure 5-108 Catalysis testing of uZC samples against MB over 48 hours 
 
Table 5-3 and Figure 5-18 summarises the degradation of methylene blue for each of the three 
uZC samples over 48 hours, compared with pure zinc oxide and the doped titania coated 
phosphor, TiO2-Pr,Y : Y2SiO5-Pr, Li. Two samples reached a 100% methylene blue removal 
rate from solution over 24 hours; uZC 1:2 and uZC 1:1. However, on recovery of these two 
samples, there is a visible staining of the ‘catalytic’ material. Figure 5-19 shows the visible 
UV-Vis spectra of the recovered 1:1 uZT, uZP and uZC samples. The uZC 1:1 samples shows 
a significant change in visible absorbance. This suggests that rather than catalytically breaking 
down the pollutant, it is instead absorbing it into a porous structure. The methylene blue peak 
would be expected to lie around 664 nm, whereas this peak is at 545 nm, suggesting that there 
is a chemical change to the absorbed methylene blue.  Figure 5-19 shows the three catalysts 
after catalysis testing.  This suggests that the zinc oxide may have only been partially 
crystalline, with some amorphous material present. Full crystallinity may not be achieved due 
to the large surface of the coated phosphor that meant there was not enough of it to form the 
crystalline structure. The final material, uZC 2-1 does not show this adsorption of methylene 
blue onto the catalyst. There is an improvement in the degradation performance when 
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compared to the pure zinc oxide, but, conversely, the effectiveness of the TiO2-Pr,Y : Y2SiO5-
Pr, Li system was negatively affected by the addition of zinc oxide. 
 
Figure 5-19 UV-Vis spectra of recovered uZT, uZP and uZC 1:1 samples 
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Figure 5-20 Images of recovered catalyst after testing of uZT 1:1 (A), uZP 
1:1 (B) and uZC 1:1 (C) 
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5.5 Doped Zinc Oxide Coating 
In this section, the successful doping system developed for titanium dioxide, 1% 
praseodymium and 1 % yttrium, was applied to the doping of zinc oxide.  
5.5.1 Coating of TiO2:PrY 
In this investigation, the doped zinc oxide was used to decorate the surface of the doped titania 
system, TiO2:Pr,Y, developed in Chapter 3. The produced X-ray diffractograms of each sample 
can be seen in Figure 5-21. Peaks are present for both the anatase titanium dioxide phase and 
the hexagonal zinc oxide phase7,8. The anatase titanium dioxide phase has a peak at 48.064 ◦2θ, 
which is identified in the dZT 1:2 sample at 48.143 ◦ 2θ. However, zinc oxide presents a peak 
at 47.540 ◦ 2θ which is identified in the dZT 2:1 sample at 47.723 ◦ 2θ.  The peaks for dZT 1:2 
are not presenting as sharp as the other two materials, suggesting that the growth of the 
crystalline phase was restricted. As with the doped titania, the inclusion of rare earth dopants 
may restrict the growth of the crystal as the peaks of the uZT 1:2 sample are more prominent.  
In comparison to the undoped coating of titania, there are no peaks from an intermediate 
product. 
 
Figure 5-21 XRD patterns of dZT samples, tianium dioxide and zinc oxide 
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The SEM images show the presence of larger micron-sized materials with thin needle-like 
structures of doped zinc oxide on the surface. This differs slightly to the undoped samples 
where zinc oxide was present as more ‘plate-like’ structures. This indicates that there is an 
effect on the morphology of the formed crystals on inclusion of the dopants. In order to confirm 
the coating by zinc oxide of doped titanium dioxide, EDX analysis was carried out. The grey 
image in Figure 5.22 is the area that was analysed. As seen in Figure 5.22D and E, titanium 
and zinc were identified in the same regions of the sample. The obtained spectrum of is shown 
in Figure 5.22F.  
A      B 
 
 
 
 
 
C      D 
 
 
 
 
 
E      F 
Figure 5-22 SEM images of dZT 1-1 (A-B) and EDX mapping; grey scale image (C), Ti mapping in green (D), Zn mapping 
in blue (E) and EDX spectrum from sample 
1 µm 1 µm 
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Figure 5-11 XPS analysis of dZT 1:1 sample ; Zn 2p3/2, Ti 2p, Y 3d, O 1s 
XPS analysis (Figure 5-23) was carried out of the dZT 1:1 sample to confirm the elemental 
composition of the samples. The position of the Zn 2p3/2 peak indicates that there is only one 
zinc environment present in the sample, which corresponds to zinc oxide, confirming the 
information gained from the XRD. A shift in peak position of 0.4 eV from the undoped sample 
can be observed, indicating a change in the environment of the zinc ion as a result of the 
inclusion of the dopants. The Ti 2p spectrum also confirms the presence of titanium dioxide 
with the two spin orbit peaks for Ti 2p1/2 and 2p3/2 at 464.68 eV and 458.68 eV. The doublet in 
the Y 3d peak can be observed, with the Y 3d3/2 and Y 3d5/2 peaks respectively shown at 159.28 
eV and 157.48 eV respectively. It is possible that there are contributions from both yttrium in 
both the titania and zinc oxide structures, but they would be in a similar place and therefor 
difficult to identify. Three peaks can be observed for the O 1s spectra. The smallest peak at 536 
eV is the Na KLL peak. The split main peak corresponds to the detection of oxygen in the 
titanium core at 529.88 eV and the zinc oxide shell at 531.58 eV. 
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Figure 5-12 UV-vis spectra of dZT samples 
 
Figure 5-25  Tauc plots of dZT samples and extrapolated lines  
For all three samples, there is an increased absorbance in the visible region from the undoped 
counterpart. The most sample that has the greatest absorbance in the visible region is the dZT 
2:1 sample, which contains the greatest amount of zinc oxide. This is paralleled in the 
calculated band gaps of the dZT 2:1 sample. The band gaps were calculated using the Tauc 
plots in Figure 5-25. 
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Table 5-4 Calculated band gap and catalysis testing summary of dZT 
Sample 
Band gap 
of sample 
(eV) 
Band gap of 
undoped sample 
(eV) 
MB 
degradation 
after 48 h (%) 
MB degradation 
after 48 h of 
undoped sample (%) 
dZT 1:2 3.21 3.18 70 71 
dZT 1:1 3.19 3.19 69 42 
dZT 2:1 3.17 3.17 75 57 
dZnO 3.23 3.27 42 40 
TiO2:Pr, Y 3.21 - 86 - 
 
 
Figure 5-13 Catalysis testing of dZT against MB over 48 hours 
 
Table 5-4 and Figure 5.26 summarises the degradation of methylene blue over the produced 
catalysts over 48 hours. Doping of the zinc oxide has improved the catalytic activity of dZT 
1:1 and 2:1 samples. This improved activity could be attributed to effective charge separation 
of the generated holes and electrons when activated by visible light. Whilst it cannot be said 
with certainty, it can be assumed that the visible light absorption is carried out by the titania 
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component with the formed electrons and holes transferred to the zinc oxide, which has a higher 
band gap, allowing the catalytic reactions to occur. Despite the improvement over the undoped 
zinc oxide samples, they are not as active as TiO2:Pr,Y on its own, suggesting poor composite 
compatability.  
5.5.2 Coating of Y2SiO5 
The most active up-converting phosphor tested in Chapter 4, Y2SiO5:Pr, Li, was coated with 
zinc oxide doped with praseodymium and yttrium. The XRD patterns in Figure 5.23 show the 
presence of both the hexagonal zinc oxide and an unchanged monoclinic yttrium silicate 
phase7,11. Following the pattern of the dZT samples, peaks for dZT 1:2 are not as sharp as those 
seen for the other two ratios or to the undoped uZT 1:2 sample, suggesting that the growth of 
the crystalline phase was restricted. This further supports crystal growth restriction on inclusion 
of rare earth elements into the lattice.  
 
 
Figure 5-14 XRD patterns of dZP, yttrium silicate and  zinc oxide 
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Figure 5-28  SEM images of dZP1-1 (A-B) and EDX mapping; grey scale image (C), Si mapping in pink (D), Zn mapping in blue 
(E), Y  mapping in yellow (F) 
  
From the SEM images seen in Figure 5.28A-B, the doped zinc oxide has decorated the surface 
of the phosphor material in thin plate like structures, similar to the undoped coating discussed 
previously. This is different to the coating of the dZT samples as instead of needle like 
stuctures, the zinc oxide is present as thin plates suggesting that the chemistry of the phosphor 
influences the zinc oxide growth. The EDX analysis of the grey images seen in Figure 5.28C 
confirm that the zinc centres are coating the phosphor material, represented here by the yellow 
yttrium and pink silicon mappings.   
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Figure 5-29 XPS analysis of dZP 1:1 sample; Zn 2p3/2, Y 3d, Si 2p, O 1s 
XPS analysis was carried out of the dZP 1:1 sample to confirm the elemental composition of 
the samples (Figure 5-29). The position of the Zn 2p3/2 peak is indicates that there is only one 
zinc environment present. This peak is shifted from the undoped sample by 0.3 eV, suggesting 
there is a change in the zinc environment when the dopants are included into the lattice. The 
Y3d spectra shows the two spin orbits of yttrium at 159.68 eV and 157.78 eV corresponding 
to 3d5/2 and the 3d3/2 orbit respectively. This peak is likely to be dominated by yttrium ions in 
the zinc oxide, shielding those in from the phosphor core. The Si 2p peak show low counts in 
comparison to the bare known up-converting phosphor. This may be due to the shell of zinc 
oxide limiting analysis of the core. There is only one major peak for the oxygen spectra, at 
531.48 eV indicating the detection of zinc oxide. The peak overlaps with the contribution from 
the phosphor core which is around 533 eV as shown in Chapter 412. There is a small peak 
around 535 eV corresponding to the Na KLL peaks.  
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Figure 5-30 UV-vis spectra of dZP samples 
 
Figure 5-31 Tauc plots of dZP samples and extrapolated lines 
The UV-vis spectra of the dZP samples is shown in Figure 5-30 and demonstrates the increased 
visible light absorbance. This is reflected in the low calculated band gaps in comparison to pure 
zinc oxide which has a band gap between 3.2 eV and 3.4 eV. The band gaps were calculated 
from the Tauc plots in Figure 5-31. The samples have a lower band gap than the undoped zinc 
oxide counterparts (uZP). Whilst the band gap lowering does not signify an active catalyst as 
fast recombination can significantly impact the catalytic ability. It does however give a good 
indication that it will be active in the visible region.  
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Table 5-5 Calculated band gaps and catalyst testing summary of dZP 
Sample 
Band gap 
of sample 
(eV) 
Band gap of 
undoped 
sample (eV) 
MB degradation 
after 48 h (%) 
MB degradation 
after 48 h of 
undoped sample (%) 
dZP 1:2 3.14 3.19 48 38 
dZP 1:1 3.11 3.17 82 37 
dZP 2:1 3.16 3.19 66 57 
dZnO 3.23 3.27 42 40 
Y2SiO5: Pr, 
Li 
- - 35 - 
 
 
 
Figure 5-32 Catalysis testing of dZP against MB over 48 hours 
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From Figure 5-32 and Table 5-5, an improvement in the methylene blue removal can be seen 
on coating with the doped zinc oxide. All three coated samples show improved efficiency from 
their singular parts. The best sample, dZP 1-1 has a removal rate of 82%, making it comparable 
to the TiO2:Pr, Y catalyst initially developed. This zinc oxide system is still not meeting the 
efficiencies of the titania coated analogue which has a removal rate of 94% over 48 hours. This 
could be due to the produced photon energy not satisfying the band gap. However, as the band 
gap is seemingly lower than the doped titania coated phosphor, that is unlikely. It also makes 
the assumption that the phosphor has an efficiency high enough to impact on the catalytic 
activity. It is more possible that the recombination of the produced electrons and holes is faster 
than in the titania sample due to inefficient charge separation. The lower efficiencies may be a 
result of poor absorption of MB to the surface of the catalyst. The inclusion of the dopants into 
the zinc oxide structure led to large improvement in the methylene blue removal over the 
undoped coating.  
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5.5.3 Coating of Titania coated Y2SiO5 
The produced X-ray diffractograms of each sample can be seen in Figure 5.28. Peaks are 
present for both the monoclinic yttrium silicate phase, the hexagonal zinc oxide phase, and 
anatase titanium dioxide. As expected, the patterns are dominated by the zinc oxide peaks7,8,11. 
There is a lower crystallinity is the dZC 1:2 and 1:1 samples, similar to the uZC samples. This 
is likely to be the effect of the surface area of the material that is being coated as a ‘shell’ has 
already been deposited on the known up-converting material.  
 
Figure 5-33 XRD patterns of dZC, anatase titanium dioxide, zinc oxide and yttrium silicate 
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Figure 5-3415 SEM images of dZC1-1 (A-B) and EDX mapping; grey scale image (C),Si mapping in pink (D), Y mapping in 
yellow (E), Zn mapping in blue (F), Ti mapping in green 
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   G 
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As with the previous samples, the SEM images shown in Figure 5-34 show that the sample is 
made up of larger micron-sized materials coated with thin rod-like structures of the doped zinc 
oxide on the surface. In this case the zinc oxide coating appears more similar to that observed 
with the undoped samples than that with the dZT and dZP samples. EDX analysis was run on 
the grey image in Figure 5-34C. As seen in Figure 5-34D-G, zinc was identified in the same 
section as the main elements from the phosphor and titanium from the doped titania middle 
layer. However, bright spots in the silicon and yttrium mappings indicate that parts of the 
yttrium silicate were left uncoated.  
XPS analysis was carried out of the dZC 1:1 sample to confirm the elemental composition of 
the samples (Figure 5-35). The position of the Zn 2p3/2 peak is indicates that there is only one 
zinc environment present. The Y 3d spectra shows the two spin orbits of yttrium at 159.38 eV 
and 157.48 eV corresponding to 3d5/2 and the 3d3/2 orbit respectively. The peaks are likely to 
be from the dopant in the zinc oxide and potentially some contribution from the titanium 
dioxide. It is unlikely that the peaks are from the yttrium silicate core due to the limitations in 
depth sampling of the method. This is made more likely as no Si 2p was recorded as with the 
uZC sample. The O 1s recorded spectra has three overlapping peaks. A peak at 531.08 eV 
comes from the detection of oxygens from zinc oxide and the peak at 529.88 eV corresponds 
to oxygens from the first shell of doped titanium dioxide. It is likely that there may be some 
contribution from the phosphor core, which has a characteristic oxygen peak in a similar 
position. The lack of Si peak however suggests that this is unlikely and that the known phosphor 
core was being shielded by the two outer shells.  
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Figure 5-16 XPS analysis of dZC 1:1; Zn 2p3/2, Ti 2p, Y 3d, Si 2s and O 1s  
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Figure 5-176 UV-vis analysis of dZC 
 
Figure 5-187 Tauc plots of the dZC samples with extrapolated lines to calculate the band gap 
 
There is some visible light absorbance across the samples as shown in Figure 5-36. The 
characteristic absorbance from the doped titania coated known phosphor can be seen between 
400 nm and 500 nm. The addition of the dopants to the zinc oxide has not further reduced the 
band gap as would be expected, with dZC 1:2 having a higher calculated band gap than uZC 
1:2 (Table 5-6).  
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Table 5-6 Calculated band gaps and catalytic testing summary for dZC; (ads) refers to adsorbed 
Sample 
Band gap 
of sample 
(eV) 
Band gap of 
undoped sample 
(eV) 
MB 
degradation 
after 48 h (%) 
MB degradation 
after 48 h of 
undoped sample (%) 
dZC 1:2 3.09 3.18 91 100 (ads) 
dZC 1:1 3.18 3.19 89 100 (ads) 
dZC 2:1 3.15 3.18 89 69 
dZnO 3.23 3.27 42 40 
TcP 3.18 - 94 - 
 
 
Figure 5-198 Catalysis testing of dZC samples agains MB over 48 hours 
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The catalysis results shown in Figure 5-38 demonstrate a more gradual removal rate than the 
uZC samples, suggesting catalytic degradation instead of adsorption although post testing 
analysis can confirm this. At the current rate of decrease, it is not unreasonable to assume that 
the dZC 2:1 sample would reach 100% removal if the catalysis test was extended. However, in 
48 hours, the addition of zinc did not improve on the efficiency of the titanium coated phosphor 
(TcP). Efficiency may be limited by including two coating layers, restricting access of the 
visible light photons to the known up-converting phosphor core. Arguably, all three samples 
improved on their undoped counterparts. High methylene blue degradation was achieved 
without absorbance onto the material as seen with the undoped samples. Figure 5-39 shows 
visual images of the recovered catalysts which showed no change in colour, nor did they show 
the characteristic methylene blue peak around 664 nm when analysed with UV-vis 
spectroscopy.  
 
Figure 5-209 Images of the recovered catalysts after MB degradation for 48 hours; (A) dZT 1:1, (B) dZP 1:1 and (C) dZC 1:1 
 
 
 
 
 
 
 
 
 
 
 
A        B             C  
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5.6 Summary  
The successful production of zinc coated composites has been presented.  Two coating systems 
were presented in this chapter, an undoped zinc oxide coating and a doped zinc oxide coating 
with 1% praseodymium and 1% yttrium. After characterisation, the catalytic properties of these 
materials was evaluated against MB under UV-filtered visible light for 48 hours.  
The SEM and EDX analysis confirmed the coating of particles and the zinc oxide coating was 
observed to be in varying shapes such as nano-rods and plates dependant on the doping. In 
general, the doped zinc oxide coating samples have a higher efficiency for the degradation of 
MB than the undoped ones. With the undoped samples, issues of staining and MB adsorption 
occurred, which was not found to be a problem with the doped zinc oxide samples.  
A MB degradation of 91% was achieved with the ZnO-PrY:TiO2-PrY:Y2SiO5-Pr,Li core shell 
shell structure. The TiO2-PrY:Y2SiO5-Pr,Li core shell structure is a more efficient catalyst 
against MB with 94% removal rates but the development of this coating could lead to further 
investigations into zinc dopant systems and other synthesis routes such as hydrothermal 
coatings or vapour depositions.  
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6. Conclusions and Future Work 
6.1 Conclusion  
The development of core-shell and core-shell-shell photocatalysts was investigated in this 
thesis. A particular focus was put on the inclusion of rare earth ions into the anatase titanium 
dioxide lattice. A single doped system was initially investigated using a sol gel production 
method. The six rare earth dopants were erbium, gadolinium, lanthanum, neodymium, 
praseodymium and yttrium. Yttrium was chosen to be included in the study as whilst it is not 
a true rare earth element, the lanthanide contraction means that it is of comparable size and 
chemistry.  
The 1% yttrium doped titania was found to be the most active with a 70 % methylene blue 
degradation over 48 hours with UV-filtered visible light. The sol gel production was optimised 
using this system to determine the optimal pH, concentration and calcination temperature. The 
formation of the crystalline states was hindered from the inclusion of these ions which was 
seen in the XRD patterns with broad low intensity peaks. The band gap had increased on the 
inclusion of the RE ions from the bulk titania band gap of 3.2 eV. 
Building on the development and optimisation of the single doped system, yttrium co-doped 
systems were investigated. A 1% dopant concentration of each ion was used for each sample. 
There were similar issues with the development of the titanium dioxide anatase phase. The 
XRD patterns did not indicate a second phase, such as the RE oxides suggested by Liang et 
al.1. The main shoulder of absorption for all samples stayed in the UV region, however the f-f 
transitions of the dopants lent some increased visible light absorption. As a result, there was 
not much change to the calculated band gap which ranged from 3.18-3.24 eV. The most 
efficient yttrium co-doped system was the TiO2-Pr,Y catalyst. With a band gap of 3.24 eV, 
which is higher than that of pure bulk titania, the catalyst had a MB degradation of 86 % over 
48 hours with UV-filtered visible light. Developing this further, co-doping with praseodymium 
was investigated. The UV-vis spectra showed characteristic absorption peaks at 590 nm and 
447 nm. Band gaps for the samples ranged from 3.20-3.24 eV, showing no shift in peak 
absorbance towards the visible region despite the promising f-f transitions of the RE ions. The 
TiO2-Pr,Y catalyst remained the most active but the developed TiO2-Pr,Er catalyst exhibited 
good catalytic ability. With a band gap of 3.22 eV the catalyst reached a removal rate of MB 
of 82 % over 48 hours.  
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The incorporation of known up-converting phosphors as a composite material was investigated 
in order to increase efficiency and to provide new coating strategies to combine with AOPs. 
The efficiency of the up-conversion is so low that enhancements to the activity is unlikely to 
be due to the up-conversion but attributed instead to a successful composite. Several know 
phosphor materials were produced and analysed for their photocatalytic activity against MB 
both as a bare phosphor and as a mix with P25. The most efficient composite was found to by 
the yttrium silicate host doped with praseodymium and lithium. When combined with P25, the 
phosphor had a 65% degradation of MB under UV-filtered visible light compared to 34% as a 
bare phosphor.  
Two coating systems were investigated at a 1:1 ratio. The first being a doped titanium dioxide 
coating of the phosphor core (TcP) and the other being the phosphor coating of the doped titania 
core (PcT). Characterisation and analysis was carried out for both samples. The catalysis test 
shows that the PcT sample had a higher efficiency in the degradation of MB reaching 59% 
removal after five hours. However, on recovery of the catalyst, visible staining could be seen 
which was later confirmed to be MB as seen using powder UV-vis. Optimisation of the TcP 
system was continued to determine the best ratio between the two materials, and the best 
titanium dioxide dopant. It was found that the core-shell structure Y2SiO5-Pr,Li:TiO2-Pr,Y:at 
a 2:1 ratio showed the best catalytic ability against MB. A degradation of 94% was recorded 
over 48 hours. The efficiency was particularly high for the TiO2 dopant system, indicating a 
successful composite material likely due to successful charge separation and electrostatic 
attraction to the MB.  
The further coating of produced materials with both doped and undoped zinc oxide was carried 
out to provide another alternative to titanium dioxide and to try and increase the efficiency of 
the core shell structure further. Coatings for both systems were from sol gel reactions and 
formed thin nanoneedle and plate like coatings onto the coated particles. Coatings were 
confirmed by EDX and XRD. The undoped ZnO coatings were not as efficient as the ZnO-
Pr,Y coatings. During the catalysis testing, some of the undoped samples were stained blue, 
and a MB peak could be seen on the powder UV-Vis. The most effieicent system in the removal 
of methylene blue was the Y2SiO5-Pr,Li:TiO2-Pr,Y:ZnO-PrY core shell shell system. A 
methylene blue removal of 91 % was achieved over 48 hours. It can be concluded that the 
addition of ZnO did not improve the system but could provide an alternative to titnanium 
dioxide.  
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6.2 Future Work 
The work presented in this thesis allows for several avenues for future work. Looking at the 
doped titanium dioxide, other synthetic routes could provide interesting catalytic performances 
and provide a detailed insight into the catalysis mechanism. Hydrothermal reactions would be 
one possibility and variations in the reaction time and temperature would lead to interesting 
particle sizes and shapes. From this, detailed high resolution transmission electron microscopy 
(TEM) analysis could suggest that one lattice plane is more efficient than another in catalytic 
activities. Particles with different surface areas, that are also more regular in size, may also lead 
to higher efficiencies and better dispersion. TEM analysis may also aid in the confirmation of 
the rare earth dopants in the lattice. 
Further catalytic testing is also required. Not just including the degradation of model pollutant 
such as MB, methyl orange and rhodamine blue but also look at catalytic abilities against 
bacteria. For example the inactivation of Escherichia coli cells by spin coating a colloidal 
solution of the particles onto silicon substrates 2. The in-situ infrared spectroscopy analysis of 
the catalyst testing of model pollutants such as stearic acid could also be monitored to follow 
the route of degradation3. Post analysis of ‘purified’ water would also be key to ensure no 
leeching of elements into the water supply.  
Testing against other pollutants such as 4-chlorophenol and stearic acid would be the natural 
next step in determining the success of these materials as a catalyst as this would be able to 
confirm that the formed catalysts were breaking down the pollutant rather than absorbing the 
MB similar to the mechanism used for dye sensitised solar cells. To be useful in real world 
applications, especially the developing world, polluted waters that mimic real situations would 
need to be tested. Guidelines such as the Organisation for Economic Cooperation and 
Development (OECD) Synthetic Sewage outline methods to make artificial polluted water that 
contains dyes as well as meat extracts and inorganic material4. This testing is vital if the 
material was to be utilised as a catalyst in a filtration system.  
It is also important to assess the catalyst life time and any leaching of ions into the solution. 
The materials investigated in this thesis contain rare earth elements which are not necessarily 
cheap for mass production so efficiencies and reusability will be important. 
Finally, a method to remove the catalyst after testing will also be of high interest. Adding 
powder to water without a suitable means of removal is merely adding another pollutant. An 
initial study was conducted into the immobilisation of P25 titania, both as a scrolled PVA fibres 
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and an electrospun PVA mat. Fibres showed a promising avenue, with electrospun mats having 
poor mechanical strength. An additional solution could be the in-situ electrospinning of the 
titanium dioxide sol with a polymer5. However further work need to be carried out in the 
development of the fibres. The effect of a reduced surface area may impact on the catalytic 
activity, and the integrity of the polymer may not withstand real polluted waters.  
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